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PREFACE

This report was prepared in the course of a continuing study,

sponsored by the Defense Advanced Research Projects Agency, of Soviet

research and development of high-current, high-energy, charged particle

beams and their scientific and technological applications. The report

examines (1) Soviet research on the formation of intense, high-energy

neutral particle beams and the associated investigation of charge ex-

change and beam stripping and (2) the development in the USSR of high-

intensity negative ion sources of the direct-extraction and double-

charge-exchange types, beam neutralizers, and neutral beam injectors,

as reported in Soviet open-source technical publications.

This report is a sequel to The Development of High-Intensity

Negative Ion Sources and Beams in the USSR, R-2816-ARPA, November

1981, by the same author. Both reports may be of interest to those

dealing with pulsed-power and energy-related research.
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SUMMARY

Soviet research on the formation of intense, high-energy neutral

particle beams, the associated investigation of charge exchange and beam

stripping, and the development of neutral beam injectors, which appears

to have increased in the late 1960s, continues at a lively pace to the

present. The injection of neutral particle beams into magnetically

confined plasmas is considered the most effective method of heating

these plasmas to obtain the conditions for thermonuclear fusion.

Theoretically, such beams may also be used as an exoatmospheric

particle-beam weapon (PBW).

Before 1960, Soviet investigations were limited largely to basic

measurements and calculations of charge-exchange cross sections and

neutral beam conversion coefficients at the Ioffe Physico-Technical

Institute (IPI) in Leningrad and Nuclear Physics Institute (NPI) in

Novosibirsk. Between the mid-1960s and early 1970s, the Physico-Technical

Institute (PTI) in Kharkov. Solid State Physics Institute (IFTT) near

Moscow, and Kurchatov Institute of Atomic Energy in Moscow. along with

NPI and IPI, began to develop vapor targets for double charge exchange

and beam neutralization (of both positive and negative ions). In the

late 1970s, Kurchatov, IFTT, NPI, and IPI investigated neutral beam

injection systems and their components.

The Soviets have made good progress in the development of

intense negative ion sources (of both the direct-extraction and double-

charge-exchange types), gas and plasma beam strippers, various metal

vapor targets for double charge exchange, neutral beam injection

systems (based on both positive and negative ions), and diagnostic

neutral beam injectors. At the Nuclear Physics Research Institute

(NPRI) and Radiotechnical Institute (RTI) in Moscow. the formation

of negative ion beams at high energies. as well as their charge

exchange and beam-stripping problems, have been considered

theoretically since the mid-1970s for use in linear accelerators for a

meson factory.

NPI researchers were the first to develop the two key components for

the production of intense neutral beams: an intense, high-brightness,
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lov-emittance negative ion source and a high-efficiency plasma beam

neutralizer. The surface-plasma negative ion source, originally

developed in 1971 with a planotron and a Penning-type discharge chamber,

eventually evolved into the present version, a multiple slit design,

which produces 4 A of pulsed H- ion beam current. The negative ion beam

current output was increased dramatically by introducing cesium vapor

into the arc discharge region of the source.

The importance of the high-brightness, low-emittance surface-plasma

source lies in its use for high-current accelerators and its possible

use for PBWs.

Although the source must still be upgraded to operate satisfactorily

at long pulse lengths or even DC at these high beam currents, the gap

between the achieved and required current is being narrowed. For

fusion application, this type of source must produce beams to rival the

intense negative ion beams now being produced by the double-charge-

exchange source and the direct-extraction magnetic-cusp source.

The NPI plasma beam neutralizer was able to convert high-intensity

negative ion beams into neutral beams with an efficiency as high as 85%.

NPI researchers'have demonstrated the formation of an 80 cm long stable

plasma target with a plasma thickness of 2.2 x 1015 atoms/cm2 , the optimum

for the neutralization of 1 MeV D- ions. This NPI work is apparently

coming to an end, however, and research personnel are being transferred to

the AMBAL magnetic mirror trap project.

Other major Soviet experimental research on intense neutral beam

formation using negative ion beams is centered at the Kurchatov

Institute. This research also seems to be limited to thermonuclear

fusion applications. A large, well-equipped facility is developing a

high-power deuterium neutral beam injector. Kurchatov researchers are

committed to the double-charge-exchange method of converting positive ion

beams to negative beams, using alkali metal vapor charge-exchange

targets to obtain the required high-current DC beams. The double-charge-

exchange source has disadvantages, however, stemming mostly from its bulk

and complexity and from the tendency of the vacuum system to become con-

taminated. Researchers in the United States have stopped using the
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double-charge-exchange ion source for fusion applications and are now

primarily using surface-plasma and volume-production-type ion sources.

In 1977, Kurchatov produced 1.4 A of H- ion beam currents at 40 keV,

using an initial H+ beam of 8 A at 10 keV. Recent technical problems,

however, involving high-voltage breakdown in the accelerator when high-

current beams are run and the sodium vapor jet is operating, have slowed

this research. The basic problem was attributed to the large volume of

electrons entering the high-voltage gap from the vapor target. The fine-

mesh grids are being replaced by a long, negatively biased suppression

tube in the hope of suppressing the undesirable electrons. In an effort

to reduce the pumping requirement of the injector vacuum system, Kurchatov

and IFTT recently undertook the joint development of an optimum charge-

exchange target based on the vapor jet's pumping and gas-blocking mecha-

nisms and its ability to recirculate gas.

A 400 to 600 keV deuterium beam injector system is being studied con-

ceptually at Kurchatov using double-charge-exchange to create a D- beam.

The D- beam is then converted to DO using a Li stripper target. Several

modules of this injector are to be used in parallel to obtain a total

neutral beam power of 30 to 40 MW.

The Yefremov Institute, working on the hollow-beam surface-plasma

source under contract to the Kurchatov Institute, has produced 2.4 A of

H- ions with an emission diameter of 10 cm. No further information on

this research has been published in the open literature.

In the area of high energy, the only consideration of negative ion

beam stripping in the USSR is the theoretical work at NPRI and RTI. This

research involves negative ion beam neutralization at 100 to 600 MeV ac-

celerated in linear accelerators. Although Soviet authors refer to the

acceleration of H- beams, to date they have published no experimental

data on beam stripping at high energies in the open literature. Their

investigations show, however, that the Soviets possess the basic theory

of the negative ion stripping process and have carried out calculations

of angular and energy distributions of ions emerging from various charge-

changing targets. They have also investigated the angular and energy

distributions of electrons in these targets for diagnostic information

about the primary ion beam.
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This study, based on a review of the Soviet open-source literature

on the production and transport of negative-ion and neutral beams, found

no overt evidence of a program to develop exoatmospheric particle-beam

weapons in the USSR. Reason suggests, however, that such a program may

exist in conjunction with the nuclear fusion research described in the

literature. The commonality to both nuclear fusion and PBW systems of

many components and basic physical problems in the generation, accelera-

tion, and transport of intense particle beams gives the USSR the basis

for considering the development of an exoatmospheric particle-beam weapon.
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I. INTRODUCTION

This report assesses the state of the art of the Soviet development

of intense, high-energy, neutral-particle beams. While these beams are

used principally for magnetic-confinement fusion experiments, they may

also have application in military research and development. Therefore,

the consideration of Soviet progress in the understanding of neutral beam

dynamics and the technology of beam production provides insight into So-

viet capabilities to use neutral beams for possible military applications.

The injection of intense, high-energy neutral particle beams into

magnetically confined plasmas is now considered the most effective method

of heating and fueling these plasmas to obtain the conditions for thermo-

nuclear fusion. Neutral atom beams have been found to be especially well

suited to this application: They can pass through the magnetic field con-

fining the plasma without being deflected; they can easily be trapped af-

ter they enter the plasma; and they can transfer almost all of their ener-

gy to the target plasma. The main objective of current tokamak research

is to produce plasmas of higher ion density and temperature. Higher-ener-

gy neutral beams are needed to penetrate these plasmas.

In addition to their thermonuclear fusion application, neutral beams

are also being considered for use as exoatmospheric particle-beam weapons

(PBW), because they are not bent by the earth's magnetic field or defocused

by the vacuum conditions of outer space. In the space environment, the

presence of atoms causes some stripping of electrons from the neutral par-

ticle beam and the formation of ions that are eventually bent out of the

beam by magnetic fields. This effect completely degrades the beam over

long beam-transport distances. The neutral beam, therefore, can be used

above the atmosphere only at a height where the background gas pressure is

low enough to allow unperturbed propagation of the neutral beam. A well-

collimated neutral beam--if it could be produced above the atmosphere with

sufficient beam intensity and energy--could serve as both an antisatellite

and an antiballistic missile weapon.

A major obstacle to the possible use of intense neutral beams as

PBW arises, however, from the need to propagate the beam over long

............ . . . .
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distances. The primary problem involves beam divergence, which sets the

ultimate limit on the range of the beam weapon system. Two key elements

in the production of the neutral beam affect the beam divergence. First,

the initial negative ion source produces an inherent divergence of the

negative ion beam that is transported to the beam neutralizer in the last

stage of the PBW system. Second, the beam neutralizer imposes an

additional divergence on the exiting neutral beam.

Intense, high-energy neutral-particle beams can be produced by

passing either positive or negative ion beams through a charge-changing

target (consisting, for example, of a gas volume, alkali metal vapor jet,

ionized plasma. solid foil, or pbotodetachment cell). When negative ion

beams are used to produce neutrals, the negative beams are first

accelerated to at least 100 keV and then neutralized by stripping the

electrons from the negative ions in a beam neutralizer. The main

advantage of using negative rather than positive ions lies in the

negative ions' high neutralization efficiency, which remains constant as

the beam energy increases. Neutral beam production using positive ions,

although advantageous from the standpoint of the high beam currents that

are presently available from positive ion sources. is limited at the

higher energies by the sharp decrease in neutralization efficiency as the

beam energy increases. At 100 keV, the conversion coefficient of positive

to neutral ions for deuterons, for example, is already considerably lower

than that of negative ions; above about 120 keV, the use of positive ion

beams becomes impractical.

Two methods are currently used to produce intense negative ion

beams. The first involves the direct extraction of ions from such

negative ion sources as the surface-plasma and volume-production

multicusp types. The surface-plasma ion source is especially well suited

to the production of well-collimated negative ion beams. The Soviet and

U.S. research on surface-plasma ion sources was described in an earlier

Rand report [1]. More recent Soviet developments are discussed in this

report.

The second method of producing intense negative ion beams is based

on the double-charge-exchange ion source, which uses alkali metal vapor

S6
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targets to convert the positive ion beam into a negative beam. Soviet

researchers have investigated the use of charge-changing targets for

both the conversion of positive to negative ions and beam neutralization,

especially the conversion of negative ion beams to neutral beams.

This report reviews Soviet open-source literature published during

the past 15 years on neutral beam production for thermonuclear fusion and

other applications. Soviet research on the two key elements of neutral

beam production--the formation of intense negative ion beams and their

conversion into neutral beams--as well as the use of these neutral beams

in injector systems is described. Special note is made in the report of

the institutions engaged in this research and the relevance of the

research to neutral particle-beam weapon development. The study also

presents the observaticns of U.S. experts in this field.

Section II begins with a general overview of Soviet and Western

research and development of neutral particle beams between 1965 and 1981.

This is followed by a technical discussion of Soviet research in the two

key areas of neutral beam production: the formation of intense negative

ion beams and their conversion into neutral beams. The formation of

intense negative ion beams by direct extraction and double-charge-

exchange negative icn sources is considered in Section III. The

conversion of the negative ion beams into neutral beams, using gas,

alkali metal vapor, and plasma neutralizers (beam strippers), is

described in Section IV. Section V reports on recent Soviet neutral beam

injector systems and experimental test facilities, including the INES,

MIN, 40-MW deuterium atom injector system, and OGRA-IV experiment, all at

the Kurcbatov Institute of Atomic Energy. Research on diagnostic neutral

beam injectors at the Nuclear Physics Institute in Novosibirsk is also

considered in this section.

The report ends with conclusions and an appendix presenting details

of the basic charge-changing processes involved in converting positive

and negative ions into neutral atoms and the results of experimental

measurements of the principal beam-quality indicators. Particular

emphasis is given in the appendix to the collision cross sections for neu-

tral atoms produced by electron detachment (stripping) of negative ions.
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I. OVERVIEW OF SOVIET AND WESTERN RESEARCH ON CHARGE-CHANGING
PROCESSES AND NEUTRAL BEAM PRODUCTION

Soviet researchers have been investigating charge-changing processes

for the past 25 years. The following research institutes participated in

this work at some time during this period: the Ioffe Physico-Technical

Institute (IPI), Leningrad; Nuclear Physics Institute (NPI), Novosibirsk;

Kurcbatov Institute of Atomic Energy (Kurchatov), Moscow; Solid State

Physics Institute (IFTT), Chernigolcvka; Physico-Technical Institute

(PTI), Kharkov; Nuclear Physics Research Institute (NPRI) at Moscow State

University; and Radiotechnical Institute (RTI), Moscow.

Early basic research on atomic and molecular collisions, electron

capture and detachment from ions and atoms, formation of excited atoms

and negative ions, and conversion of positive to negative ions by double

charge exchange led to the development of negative ion beam and neutral

beam injectors for tokamaks and open traps. Recent work involves the

evaluation and testing of injector system components, including gas and

plasma targets, negative ion sources and strippers, and neutral beam

diagnostic injectors. Figure 1 shows the chronology of key Soviet

research on neutral beam production by institutes and leading researchers.

This section describes the main phases of Soviet and western

research leading to neutral beam production, including, where possible,

a direct comparison of Soviet and western subject treatment and results.

References to Soviet publications, omitted from this section, are

provided in connection with detailed technical analysis in subsequent

sections.

I. BASIC MEASUREMENTS OF CHARGE-EXCHANGE AND ELECTRON DETACHMENT
CROSS SECTIONS AND NEUTRAL BEAM CONVERSION COEFFICIENTS

The Ioffe Physico-Technical Institute made the earliest basic

measurement of atomic and molecular collisions with gases. A team now

headed by V. A. Ankudinov, and including V. M. Dukel'skiy. N. V.

Fedorenko, and Ya. M. Fogel', measured collision cross sections and

.." - % " ''.''. ''. .'.. " " '." "'' " ".".." , ' ,'.."....................-................'....'.,.". ..- ,. ..-. ,...... .-.



5

loffe Physico -Technical
Institute (IPI) au- cross section

', 77 measurements 77 - conversion coefficient

V. A. Ankudimov

Neutral beam injectors,

DINA, diagnostics

V. V. Afrosimov

Nuclear Physics Negative ion source
Institute (NPI) O-, 7? measurements development

G. n Budker, Z
G. I. Dimov

Plasma targets,
diagnostic injector

Electron strippers,
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A. F. Sorokin

Solid State Physics , 71 measurements, electron
Institute (IFTT) strippers, neutral beam production
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of Atomic Energy deuterium injector
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Institute (RTI) injection into linear

accelerators
B. P. Murin,

A. P. Fedotov
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Fig. 1 -Chronology of key Soviet research on neutral
beam production
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investigated electron capture and electron detachment, formation of

excited ions and atoms, and conversion of positive to negative ions by

double charge exchange in gases and alkali metal vapors. Most of the

basic research done by this team had ended by the mid-1960s. Research on

atomic and molecular collisions in gases and plasmas at the Nuclear

Physics Institute was begun in 1954 under the leadership of G. I. Budker.

In the mid-1960s, this research involved electron detachment cross-

section measurements of H- beams in various gases, as well as neutral

beam formation as a function of gas target thickness. The team headed by

B. A. D'yachkov at the Solid State Physics Institute measured electron-

detachment and charge-exchange cross sections for the conversion of

positive to negative ions using alkali metal vapors.

Extensive basic research on charge-changing cross sections

and neutral beam conversion coefficients has also been conducted

in the West.

2. DIRECT-EXTRACTION NEGATIVE ION SOURCES

NPI has been working on multiampere direct-extraction negative ion

sources for use in neutral beam injectors and accelerators. Under the

leadership of G. I. Dimov, NPI researchers in 1971 developed two versions

'4 of a surface-plasma negative ion source, one with a planotron and one

with a Penning-type discharge chamber. The introduction of cesium vapor

into the source discharge chamber greatly increased the negative ion

output of this high-brightness, low-emittance ion source. The latest,

multiple slit version of this source produced 4 A of pulsed H7 ion beam

current. A hollow beam version of the surface-plasma source developed at

the Yefremov Institute under contract to the Kurchatov Institute produced

2.4 A of H" ions with an emission beam diameter of 10 cm.

The main work on the surface-plasma-type direct-extraction negative

ion source in the United States is being done at the Brookhaven National

:Laboratory (BNL), which is developing a DC source as part of a high-

energy neutral beam injector. Following the recent successes of the 1 A

H- pulsed beam using modified planotron (magnetron) surface-plasma

sources, as described in [2,3,4], the neutral beam development group at

BNlL is experimenting with a 1 to 2 A H- DC ion source. Other experiments

I.
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are investigating plasma injection from a hollow cathode discharge. a

method that should significantly decrease the source operating pressure

and improve the source performance [5]. The new version of the magnetron

source has focusing grooves on the cathode with an asymmetric anode-

cathode geometry that allows the source to operate at a power efficiency

of 8 kW/A and a 6% gas efficiency [2].

Researchers at the Lawrence Berkeley Laboratory (LBL) have developed

a large-volume, multicusp (magnetic-bucket-type) negative ion source that

produces H7 and D- ions by the impact of plasma positive ions on a

molybdenum converter [6.71. An H- beam current of 1 A was obtained by

introducing cesium vapor into the discharge from a hot oven. The beam

will be accelerated to energies of at least 40 keV by a four-electrode

electrostatic accelerator. The goal of this research is to produce

long-pulse and CW high-energy neutral beams.

The Oak Ridge National Laboratory (ORNL) has been concentrating on

the direct extraction of negative ions, using a modified colutron source

with surface ionization and transverse magnetic field extraction. The

first version of the planned source, called SITEX, is to operate with a

1 A, CW, ion-beam current at 40 kV extraction potential [8].

The U.S. negative ion neutral beam development program and its

future goals and requirements are discussed in [9,10,11] and compared

with positive-ion-based systems. The completion of the I A development

work and the conceptual design of a 10 A, 200 keV system is planned

[12]. A final system will be chosen once proof of principle has been

demonstrated.

NPI in the USSR and BNL in the United States are engaged in

equivalent research and are making similar progress. American researchers

are presently concentrating on obtaining 1 A of DC beam and are planning

higher outputs in the future. The Soviets announced that they have

obtained 4 A of pulsed beam, but have said nothing about their DC

beam outputs. There appears to be no Soviet effort directly

comparable to the LBL development of the multicusp, bucket-type

negative ion source.
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3. DOULE-CARGE-ECANGENEGATIVE IONSOURCES

The Kurchatov Institute has been involved since the late 1960s in

the development of injection systems for large tokamaks and open traps.

The team headed by N. N. Semashko developed intense negative ion beams by

double charge exchange and studied various gas targets for negative ion

and neutral beam injectors. A special test facility, the MIN, was

constructed to study charge-exchange systems. In 1977, a negative

hydrogen ion beam current of 1.4 A and pulse length of 10 ms at 40 keV

was produced with an 8 A IP beam at 10 keV, using both sodium and

cesium vapor targets.

Researchers at IFTT have been developing alkali metal vapor

targets for double-charge-exchange conversion, concentrating on the

targets, vacuum, pumping, and gas recirculaticn characteristics. The IFTT

targets were incorporated into the injectors at Kurchatov.

and researchers of both irstitutes are working together to further

develop the targets, despite the difficulties caused by the formation

of large amounts of electrons that aggravate the high-voltage

breakdown in the accelerator.

The U.S. production of negative hydrogen and deuterium ions by

double charge exchange of positive hydrogen ion beams in alkali metals, a

joint development of LBL and LLNL, was described in [13,14,15]. Using a

sodium vapor target, LLNL produced a 2.2 A D- ion beam at an energy of 10

keV, comparable to Kurchatov's achievement of 1.4 A at long pulse

lengths. It was determined that the plasma produced by the beam in the

sodium target cell is confined to the charge-exchange region and does not

propagate along the beam line. The 2.2 A beam was found to have an

angular distribution of 0.70 x 2.80, energy of 7 to 13 keV, and peak

current density of 15 mA/cm 2. These experiments determined that in the

charge-exchange target the space-charge neutralization of the beam is

complete and the charge-exchange losses of D- on Na+ are negligible; no

beam plasma instabilities were observed [13].

Although LBL and LLNL had originally planned to operate their

negative-ion-based neutral-beam system with the negative ions produced by

double charge exchange in Na vapor, in early 1980 they shifted to a

negative ion beam extracted directly from a multicusp, bucket-type

negative ion source (see subsection 2, above). Their immediate goal is
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to accelerate a I A H- beam to at least 40 keV. LIL is considering a

high-current negative ion beam program in the several hundred keV range

in connection with the next generation of mirror devices [1II.

ORNL is using a cesium converter to produce negative ions from

low-energy positive ions from a duopigatron ion source. A 100 A positive

ion source (PDS/ISX-B) and a 28 cm diameter Cs converter will be used to

form large negative ion beams. Researchers hope to achieve 10 A of F- at

energies above 50 keV, if the conversion efficiency can be made to

approach 102 [161. They are investigating double charge exchange using a

I keV positive ion beam and an alkali vapor charge-exchange cell [17J.

An insulated grid technique provides minimum beam divergence of the

lov-energy positive-ion beam before the charge exchange.

In France, a double-charge-exchange D- ion source using a supersonic

Cs target has been developed jointly by the Nuclear Research Center in

Grenoble and the Ecole Polytechnique in Palaiseau [18,19]. The French

researchers have obtained D- beam currents of 160 mA at 1 keV, using 750

mA D+ beams. Average current densities of 12 mA/cm2 of D- with pulse

durations of 1 s have been measured.

Investigating basic double charge exchange at low beam currents for

0.3 to 3 keY D+ to D- ions in alkaline earth vapor targets, LBL

researchers observed an anomalously large increase in the D- thick target

yield (F-) when D+ ions of energies less than 5 key passed through

strontium vapor [20]. A 502 negative deuterium ion yield was obtained

with strontium; the yields with calcium and barium equaled or surpassed

that of cesium. Experiments at Wesleyan University using magnesium,

strontium, and calcium vapor targets confirmed the LBL results [21]. LBL

also measured D- formation, conversion coefficients, and equilibrium

thick target yields in cesium, sodium, and rubidium metal vapor targets

[22,231.

Double charge exchange has been shown to produce high DC negative

ion beam currents that can be transformed into intense neutral beams, but

owing to the complexity of the system as compared with direct extraction,

its use in the United States in the near future appears doubtful. The

Soviets, however, continue to devote a large effort to this line of

research at Kurchatov and IFTT.

*-(* -*e* •" eo J g ee • ee%*e ** ae8sI , ee." e e • * * .e . .. •,• , o0 o *. '
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4. NEUTRALIZATION OF INTERMRDIATE-ENERGY NEGATIVE ION BEAMS

Soviet researchers have been studying the neutralization of negative

ion beams by electron stripping in gases and plasmas for the past 20

years. A research team under V. B. Yuferov at the Physico-Technical

Institute, working from 1963 to 1973, designed ultrasonic gas jets and

nozzles for the neutralization of negative ion beams and investigated the

vacuum-properties of gas targets. Since then, this team has been

involved in the design and start-up of the superconducting Crystal-2

torsatron.

An NPI team headed by G. I. Dimov recently developed a highly

efficient plasma target to neutralize negative ion beams for the

formation of intense neutral particle beams. The stable, 80 cm long

plasma target has a plasma thickness of 2.2 x 105 atoms/cm 2, optimum

for the neutralization of 1 MeV D- ions. A second NPI team, headed

by A. F. Sorokin, studied electron stripping of negative ions and charge

exchange in oil vapor targets.

American research on a variety of gas and vapor targets included

that at the University of Wisconsin on the stripping of 30 to 200 keV H-

ions [241. The neutral fractional yields and the total charge-exchange

cross sections were measured. In the range of 100 to 200 keV incident H-

ion beam energy, lithium, sodium, cesium, and hydrogen were shown to be

good neutralizers, yielding neutral fractions of 0.63, 0.60, 0.58, and

0.58, respectively, at 100 keV. Calculations at BNL demonstrated that a

simple deuterium gas cell can provide values above 60% neutralization for

an H- ion beam of energies above 40 keV [25]. A double gas cell scheme

can increase the neutralization to above 75%. BNL had previously

investigated the use of various gas and vapor jets for neutralizing 150

keV H- beams and measured optimum target thicknesses and neutralization

efficiencies as a function of beam energy [26].

Neutralization of negative ions other than hydrogen were recently in-

vestigated by BNL in conjunction with Princeton University. Researchers

there investigated the stripping of negative lithium, carbon, oxygen, and

silicon beams at energies up to 7 MeV, using nitrogen, argon, and carbon

I



ll,

dioxide neutralizers [27]. Tests with negative lithium beams showed

neutral fractions of 45% to 48%; smaller values (28% or less) were

achieved with the heavier ions.

Plasma targets for neutralizing negative ion beams have been

investigated at LBL [28] and BNL [291. LBL used a pulsed hydrogen plasma

discharge and a low-density Cs plasma as neutralizers for a D- beam

produced by a 300 keV research accelerator (281. The hydrogen plasma

neutralizer used a 100 A discharge with a 1 ms pulse duration, creating a

highly ionized hydrogen plasma 2 .nm by 10 cm in cross section with a

maximum electron line density of 1015 atoms/cm 2. The Cs plasma

neutralizer, confined by an axial magnetic field, has a diameter of 5 cm

and reaches densities of about 10'0 atoms/cm 2. Conversion coefficients

have not yet been reported from these experiments. BNL calculated the

optimum target thickness and maximum neutralization efficiency as a

function of H- beam energy, target thickness, and percentage of target

gas ionized. It is considering a plasma target having a series of small

jets that should be able to neutralize an H- beam of up to several

amperes at 150 keV with a neutralization efficiency of 80% to 87% [291.

The use of laser photodetachment for the neutralization of W-

and D- ion beams has been considered at the Avco Everett Research

Laboratory [301. Calculations made to determine the efficiency of

the laser neutralization of negative ions as a function of beam energy,

power, and ion source emittance indicated that the neutral beam

production efficiency can approach 100%. considering only

neutralizer losses. In the interaction geometries considered, the

laser was assumed to be either collinear or perpendicular to the ion

beam. LLNL has also considered laser photodetachment [31].

There is no indication that the Soviets are developing photodetach-

ment targets equivalent to those being considered in the United States.

5. NEUTRALIZATION OF HIGH-ENERGY NEGATIVE ION BEAMS

Negative ion beam stripping at high energies has been studied

theoretically for at least ten years at the Institute of Nuclear Physics

, ..'.'. ,- ,. ' '...'.-.......-.-.........-...,-.. ........-.-... ,..- - ,- .- ,-,,.-



12

Research and the Radiotechnical Institute. This research has been

conducted in conjunction with the development of a linear accelerator to

be used in a meson factory at the Intermediate Energy Physics Complex of

NPRI. An NPRI team headed by A. K. Kaminskiy is working on - ion beam

neutralization in linear accelerators of 100 to 600 MeV and calculating

angular and energy distributions of ions emerging from various charge-

exchange targets. An RTI research team under B. P. Murin and A. P.

Fedotov is involved in theoretical calculations of electron stripping of

high-energy W. beams in background gases. RTI is also studying the

formation of U- ion bunches and their injection into linear

accelerators. No experimental data on H7 beam stripping at high energies

have yet been reported.

Several U.S. research laboratories have been investigating negative

hydrogen ion beam stripping at very high energies. LASL incorporated a

new type of charge-changing injection technique into the design of the

high-current proton storage ring. The 800 MeV negative hydrogen ion beam

formed by the LAMPF linear accelerator is neutralized by the

dissociation of i- ions when they are passed through a specially

configured magnetic field. The 100% neutral hydrogen beam is then

converted to protons by a stripping foil and becomes part of the stored

circulating beam [321.

LASL also measured the I- electron detachment rate as a function of

rest-frame electric field. These values can now be used to calculate

with good accuracy the loss of ions along the transport line and the qual-

ity of the neutral beam that can be obtained by field stripping of the

ion beam [331. The stripping of the weakly bound second electron from

the B- ions can be accomplished with the help of very high electric

fields (of the order of 108 V/m). However, for high energy beams of 800

MeV H- ions, the electric fields can readily be obtained in the center of

the mass frame by applying a transverse magnetic field of over 0.4 Tesla

in the laboratory frame [32]. The H- electron stripping rates were

measured in [33] and calculated in [321 using H- decay rates obtained as

part of the Triumf H- ion cyclotron design effort [341.

Electron-loss cross-section measurements were made at the Fermi

National Accelerator Laboratory (Fermilab) in 1979 by injecting a 200 MeV
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B- ion beam from the linac into the booster acclerator for up to 140 Ps

and stripping the beam with carbon stripping foils [35,361. Beam

currents of up to 43 mA were used. Various stripping methods were

investigated, including charge exchange in gases, dissociation in

magnetic fields, photodetachment, and the use of organic and inorganic

foils. Only carbon foils and metallic films were finally chosen as

potential candidates for strippe.'s at these energies [361.

BNL is using its 200 MeV linac for injecting H- into the alternating

gradient synchrotron [371. A new magnetron surface-plasma source (of the

Fermilab design) has been adapted to provide 40 mA of R- ion beam for the

linac. The source operates at a repetition rate of 5 Hz, with pulse

lengths of up to 250 ,Ls duration. Beam current emittance and stability

of the source have been measured as a function of source parameters.

The Argonne National Laboratory (ANL) measured emittance on the

50 MeV W- linear accelerator, which was used as an injector into the

IPNS-1 rapid-cycling synchrotron. The measurements involved a novel

technique using the single charge stripping of negative ions passing

through thin and narrow foils to measure the divergence and momentum

spectra of the ion beam [38]. ANL had previously shifted from a double-

charge-exchange to a Dimov-type Penning surface-plasma source as the

intense H- source for the IPNS-l [39]. The surface-plasma source,

designed by P. Allison [40], can operate continuously for more than a

week at 45 mA of H- at 15 Hz with an 80 ps pulse length [41].

Soviet research on the neutralization of high-energy negative ion

beams is apparently limited to the theoretical work at NPRI and RTI,

and no experimental data on high-energy stripping have yet been

published.

6. NEUTRAL BEAM INJECTORS

Soviet research on neutral atom injectors for fusion purposes is

centered mainly at the Kurchatov Institute. Here, a team headed by N. N.

Semashko recently developed a deuterium atom injector with a proposed

total neutral-beam power of 40 MW to inject deuterons into tokamak

... . . . . . . . . ....



14

plasmas for thermonuclear fusion applications. This injector uses a

low-energy positive ion beam which is transformed into a negative ion

beam in a vapor target and then into a neutral beam by an electron

stripper.

The OGRA-IV is currently being built at Kurchatov for an experiment

in which four neutral beams will be injected into a superconducting

"baseball" plasma trap. Using positive rather than negative icns, simple

magnesium jets will form the neutral beams and block the gas flows.

From 1970 to 1976, a Kurchatov team led by V. I. Pistunovich studied

charge-exchange processes for plasmas flowing through gases and for

plasma heating in tokamaks. This team developed the INES coaxial plasma

injector. The tokamak T-11 is now operating with neutral beam injections.

The tokamak T-15 facility, incorporating 80 keV neutral beam injection

and niobium-tin superconducting toroidal field coils, now under construc-

tion, is expected to begin operation in December 1985 [42].

The AMBAL ambipolar trap facility, now being assembled at NPI for

start-up in 1983, will use 25 keV neutral hydrogen atom beams to heat and

sustain the plasma. NPI has also been working since 1976 on the

development of diagnostic irjectors for analyzing the density and other

characteristics of magnetically confined thermonuclear plasmas. These

injectors demand relatively intense monoenergetic beams of high enough

energy to penetrate the dense plasma.

At IFI, a research team led by V. V. Afrosimov and M. P. Petrov has

been experimenting on T-4, T-6, T-10, and Tuman-2 tokamaks, concentrating

on the formation of neutral atomic beams, the scattering of these beams

by plasmas, and the development of systems to analyze the beams.

In the United States, LBL and LLNL are jointly developing a megawatt,

DC injection system for heating and fueling fusion devices, using

negative ion beams. Optimization of the transmittance of DC negative ion

beams using either double charge exchange or direct extraction (planotron

surface-plasma sources and the LBL bucket source) have been investigated

theoretically at LBL for energies up to 200 keV [43]. A proposed system

utilizes a multiple-aperture source that creates an array of separate,

well-defined beamlets extracted at 200 kV and neutralized by a magnetic

bucket plasma target [28,43,44]. The beamlets pass between rows of

.... .. ~.....................................................
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permanent magnets into and out of the plasma neutralizer. Beam

divergences have been calculated to be small enough to allow the product

beams to emerge on the far side of the neutralizer 50 to 100 cm

downstream.

The Princeton Plasma Physics Laboratory is reassessing the

engineering test facility (ETF) tokamak in the form of the fusion

engineering device (FED), which uses D- instead of D+ beams so as to

avoid some of the problems inherent in the ETF [10]. The reassessment

showed the considerable advantages of using D- beams. An optimal heating

energy of about 250 keV is being considered on the assumption that a 65 A

negative ion source will become available [45].

A neutral beam injection system has been considered by TRW for the

current drive of the Starfire tokamak at the Argonne National Laboratory,

which is to use 2 MeV D- beams from an ESQ accelerator. The beams are

focused and bent toward the tokamak by a single magnet and then neutral-

ized by laser beams [46].

The Institute of Nuclear Engineering in Karlsruhe, West Germany, is

working on a I A negative ion source using neutral clusters [47,48]. The

neutral clusters, formed by the partial condensation of the expanding gas

flow, are ionized by an electron beam to form positive ion clusters,

which are then accelerated and passed through a Cs gas jet. The clusters

are transformed into a negative ion cluster beam in the jet by the follow-

ing sequence: destruction of the clusters; dissociation of the D2 mole-

cules; and charge-exchange to convert the DO to D- with a conversion effi-

ciency of about 20% to 30%. The negative beam can then be accelerated to

the required energies (about 500 keV) and neutralized by a gas target.

Tests have shown that the accelerated cluster ions interacting with a gas

target disintegrate into neutral fragments with high efficiency. A com-

pact tandem design, incorporating the source, a Cs vapor jet, and gas

beam neutralizer, is being considered so as to keep the complex system

for producing positive cluster ions at ground potential [48]. No total

beam output measurements have yet been reported. The Soviets also experi-

mented with the formation of neutral clusters, using the old INES injector

at Kurchatov. This research appears to have ended in 1976, since which

time no further mention has been made in the open literature of this work

or the researchers involved.

---
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The joint development of an injector system by LLNL and LBL in the

United States parallels the Soviet work at Kurchatov. The Kurchatov

injector, which is to operate at 400 to 600 keV, will eventually pro-

vide a total neutral beam power of 30 to 40 MW from several accelerator

modules operating in parallel. In the U.S. version, the multiple beam

array will be extracted at 200 kV.

''
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III. DEVELOPMENT OF HIGH-INTENSITY NEGATIVE
ION SOURCES IN THE USSR

1. DIRECT-EXTRACTION SURFACE-PLASMA ION SOURCES

The Soviets can now produce negative ion beams for both pulsed and

continuous beam operation. Recent revisions and upgrading of the Soviet

surface-plasma ion source are described below.

The surface-plasma ion source was developed at NPI with both a

planotron (magnetron) and a Penning-type discharge chamber. The

major breakthrough came in 1971, when NPI researchers introduced cesium

vapor into the source discharge chamber and observed a marked increase

in the source's negative ion yield. This increase in negative ions

is attributed to the cesium's coating the cathode surface, thereby

lowering the surface electron work function and increasing the proba-

bility of electron capture from the cathode.

Since then, the surface-plasma source has been redesigned several

times. In 1980, NPI developed a multiple-slit version that increased

plasma uniformity by feeding hydrogen gas and cesium vapor into each

cathode groove through a thin slit. This new source design improved

both the beam current and beam optics and reduced the cathode heat

load [49]. A maximum negative hydrogen ion beam current of 4.0 A was

obtained from a source with five emission slits (each 0.8 x 50 mm2

in area), with a discharge current of 400 A, energy consumption of

10 keY/ion, and gas efficiency of 10%. The current density in the

extraction gap reached 440 mA/cm2 . More efficient operation was

obtained by running the source at a reduced H- output of I to 2.8 A

with pulses of I ms duration, energy consumption of 4 keV/ion, and
reduced heat load of 0.1 to I kW/cm 2 . The H beam is now extracted

at 30 kV. A test stand is being constructed for postacceleration

of the beam to 150 kV, using a single aperture.

In 1981, NPI researchers developed a honeycomb multiple-aperture

source with a beam current and current density equivalent to those

of the multislit version [50]. The honeycomb version provided 4 A of

Ir with a 445 mA/cm 2 beam current density at a discharge current of

.4 * . . . . - . . . . . . . 4.-4 * 4.*4 - . . ,4 4 S44m4
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600 A, and a gas efficiency of about 20%. The focusing of the individ-

ual H- ion beams was accomplished with spherical depressions on the

cathode surface for each circular emission aperture in the anode.

NPI researchers seem satisfied with their latest source developments.

Research at NPI is now being diverted from negative ion beam

systems to the AMBAL ambipolar magnetic trap, however, and negative

ion research at that institute is expected to slow down or even to

end [42,51]. The AMBAL facility uses the injection of neutral beams

for heating and maintaining the plasma. The neutral beams are formed

by direct charge exchange of a 25 keV positive hydrogen ion beam in a

magnesium vapor jet target. Initial tests of this experiment with a

10 key Ht beam showed an H0 beam conversion of 85% [52].

Researchers at the Yefremov Institute, working under contract

for N. N. Semashko of the Kurchatov Institute, measured 2.4 A of H-

ion output from their hollow, negative-ion surface-plasma source with

an emission diameter of 10 cm [53]. No further information on this

source is presently available.

2. DOUBLE-CHARGE-EXCHANGE ION SOURCES

Double charge exchange is the alternative to direct extraction

for obtaining intense negative ion beams for neutral beam production.

In double charge exchange, an intense beam of positive ions is passed

"* through a vapor target (usually an alkali metal jet of sodium or

cesium, which converts the positive ions into negative ions by

double electron capture). The negative ion beam is then accelerated

to the required energy and neutralized by stripping the electrons

from the negative ions in a beam neutralizer. With this method, the

* positive ion beam is accelerated to energies of only several keV so

as to make best use of the high cross-section values existing at low

energies for this charge-exchange process. The success of this method

of neutral beam production stems primarily from its high neutralization

efficiency, the high currents that are now available from positive ion

sources [54,551, and the recent development of efficient vapor jet

targets that minimize gas loads to the high-vacuum system of the

-. UU .-.. :- .
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injector. The disadvantage of this method lies in the higher beam

emittance, the inherent possibility of contaminating the injector

vacuum system, and the difficulties of extracting and transporting

large beam currents at low voltages.

The development of more efficient vapor-jet charge-exchange

targets is minimizing some disadvantages of double charge exchange.

Such targets are now being used as pumps, providing both vacuum

pumping and source gas recirculation, as well as establishing the

required gas target thickness for maximum conversion of positive

to negative ions. The recirculation of the ion source gas, which is

pumped through the target vapor jet and returned to the source to

be reused, decreases the total gas load to the injector vacuum system.

Soviet researchers are studying and designing vapor-jet charge-

exchange targets for both the production of negative ion beams by

transforming positive ion beams into negative ion beams (double

charge exchange) and the transformation of negative ion beams into

neutral beams (electron stripping of the negative ion beams).

The intensity and angular spread of the initial positive ion

beam, the effectiveness of transforming positive into negative ions,

and the scattering of the particles in the charge-exchange target

affect the intensity and angular spread of the formed negative ions.

The effectiveness of the negative ion formation, the energy of the

charge-exchanged particles, and the thickness of the vapor target

depend on the choice of the target material.

This section discusses the development and refinement of vapor

targets at the Kurchatov, IFTT, and NPI, with particular attention

given to the mechanics of the vapor jet, the choice of material for

the jet, its vacuum properties, its optimum target thickness, and its

ability to act as a pump, a vacuum lock, and a gas recirculator. A

typical neutral beam injector system based on the use of double charge

exchange to form negative ion beams is described in Section V, 3.

In this type of system, the DO beam output may range from 60% to 90%

Do, with an output from the charge-exchange target of about 15%

VT- going into the accelerator module [56].

- . *.-----.. . * *v t**...........q* .- f
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i. Alkali Metal Vapor Target Developments

Researchers at the Kurchatov Institute initially used small

target apertures (10 cm in diameter) [57,58] and 5 keV negative

ion beams with currents of up to 150 mA and a pulse length of 10 ms

to test alkali-metal-vapor charge-exchange targets. The positive ions

for the charge exchange were generated by an IBM-3 positive ion source

without external magnetic fields [55]. This source, which operates

with a three-element ion optical system, was designed for use at low

energies. Another positive ion source, the IBM-5, developed at

Kurchatov in 1979 for use in the tokamak T-11 injector, can provide

up to 35 A of H+ at 25 key with a pulse length of 20 ms [54]. This

source uses no external magnetic field, has an emission aperture

consisting of 42 slits (each 8 x 0.2 cm2), and produces an initial

beam cross section of 8 x 18 cm2. The dispersion angle of the beam is

:S .060 along the slits and 2.50 perpendicular to the slits.

The latest sodium charge-exchange target developed at the Kur-

chatov Institute [59,60] has beam apertures of 22 x 48 cm2 (see

Fig. 2). Intended for use with the IBM-6 positive ion source [61],

this target design will eventually be able to handle 5 to 10 A of

negative ion beam current. In this version, two electromagnetic pumps

pump molten sodium along heated pipes from the condenser (7) to the

vapor generator (1), where sodium vapor is formed. The vapor is

transmitted from the generator to the separator (2) through a flat

Laval nozzle with the critical dimension of 1 x 500 mm 2 . In the

separator, the large-angle peripheral part of the jet is cut off. The

collimated central part of the jet is then passed through the hydrogen

beam charge-exchange region and collected by the horizontal and vertical

surfaces of the condensers (5) and (7). The temperature of all

surfaces exposed to the vapor jet are maintained above the melting

point of sodium with help of controlled silicon oil (type PES-3)

flow through the cooling coils. The sodium condenses on these

surfaces, flows down to the inputs of the electromagnetic pump, and

then is pumped back to the vapor generator. The silicon oil, with a

boiling point of 300*C, is also used to melt the sodium at the start-up
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I HI

Fig. 2--Sodium charge-exchange target [59,60]

1--vapor generator
2--separator
3--area of ion beam charge exchange
4--bellows
5--intermediate condenser
6--cooling coils
7-condenser
8--one-way valve
9--electromagnetic pump

Solid arrows indicate Na vapor flow
Dashed arrows show ion and atom beams

01--ion drift space between the positive ion
source and vapor target

02--ion drift space between vapor target and
negative ion preacceleration system

03--condenser (7)
oi--target envelope

Dashed~~~~~~ arossoZo adao e
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of the target operation. The 03 and 04 areas are pumped by diffusion

pumps H5T and H2T, respectively, both equipped with absorption traps.

Details of the vapor generator are shown in Fig. 3. The liquid

sodium is stored in the pocket formed by the inner cylinder (2) and

1 2 j t

Fig. 3--Vapor generator [59,60)

1--external cylinder
2--internal cylinder
3--distribution pipe
4--s emicyl inde r
5--internal heater
6--external heater
7--shields
8--Na vapor
9-liquid Na pocket
10--nozzle
11--separator body
12--separator cooling duct
T1 to 5--thermocouples



23

the semicylinder (4). The internal coaxial tantalum heater (5) provides

up to 10 kw of power for the evaporation process. An auxiliary molyb-

denum heater (6) on the external cylinder (1) has a power of up to

5 kW. All elements of the vapor generator, except the heaters and

the three external stainless steel shields (7), are made of niobium.

Sodium is fed into the vapor generator once every 60 to 90 seconds with

a 5- to 10-second flow duration. The sodium evaporates immediately on

entering the pocket. The vapor is channeled to the nozzle through

an area opening of approximately 5 cm2 in the top part of the semicylin-

der. The temperature at various points of the vapor generator is

controlled by chromel-alumel thermocouples T1 to T5 . The separator,

condenser, and other parts of the target are made of stainless steel

and the electrical coni1,ections of copper.

The sodium target was able to operate continuously and to provide

a constant vapor thickness of up to 5 x 1015 atoms/cm
2 . The only

limit was the power input to the inner heater of the vapor generator.

The sodium vapor density distribution in the proximity of the charge-

exchange area was measured by placing 40 metal cups along the beam

line, 10 cm below the beam axis. The sodium jet was turned on for

20 to 40 minutes. Each cup was then weighed to measure the amount

of collected sodium. Figure 4 shows the results of the measurements.

TI,
1014 atoms-cm- 3

2

-15 -10 -J 0 5 70 i5
x,y cm

Fig. 4--Distribution of sodium vapor density in jet [59]

x--in direction of charge-exchange beam
y--along vapor generator nozzle

Zero on abscissa corresponds to point on vapor

jet 10 cm below the ion beam axis
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In 1980, Kurchatov Institute researchers experimented with the

injection of hydrogen, deuterium, helium, nitrogen, and argon gases

into the sodium vapor jet [59]. Measurements were taken of the pressure

ratio P1/P2 as a function of Pl at various gas flows from the ion

source for vapor target thicknesses 6 from 2 to 5 x i01 atoms/cm 2 .

The pressure drops across the vapor jet for the various gases with

a constant 6 - 3.5 x 1015 atoms/cm 2 are shown in Fig. 5.

Ar

N2

102 D2
0

Pl/P2 H e

10 H2

02 , I I!:t

10- "o-1 pl,Pa

Fig. 5--Pressure drop across Na vapor target as a function of
ion source volume pressure for various gases [591

The relationship of the P1/P2 values taken at the plateaus of

the different gas curves demonstrates the dependence of these values

on the mass and size of the gas molecules, which is tied to the

mechanics of gas penetration through the vapor jet. For the same

operating conditions, the pumping speed of the jet was measured for

each gas at a constant gas load of 0.8 m3 Pa/s, with the following

results [59].

Gas Pumping Speed

H2  . .. . . . . .. . . . . . ..  6.7 m3/s
He . ................ 6.2 m3/s
D2  ................ 6.0 m3/s
N2  . . . .. . . .. .. .. . . .  4.0 m3/s
Ar .. ................ 3.6 m3/s
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The maximum pressure drop P1P2 of 100 was obtained for H2 with

6 = 3 to 5 x 1015 atoms/cm2 and Pl t 10-1 Pa. For the same target

thickness, the ratio of P3/P2 was a factor of 10 higher than for P1/P2,

with the pressure P3 under the beam axis greater than 1 Pa. The

pressure pl in the 01 area is determined by the gas flow out of the

positive ion source and can reach 5 x 10-1 Pa. The pressure P2 in the

02 area should not exceed the pressure at which noticeable negative

ion stripping would occur before the negative ions have had a chance

to be preaccelerated to the required energy. In the MIN injector at

Kurchatov, this value of P2 should be less than 1 x 10- 3 Pa.

With the use of the Na vapor target the maximum conversion of the

H+ (or D+ ) ions into H- ions was found to be 0.12 (see Fig. 7, below)

[62]. This means that about 88% of the beam passing through the

vapor target consists of atoms that have to be pumped out of the

02 area.

The angular distribution of the H- beam current density was

measured using an electrostatic deflection system and a slit current

detector, with a vapor target thickness of 1 to 5 x 1015 atom/cm 2,

positive ion beam energy of 3 to 8 keV, and beam current density of

5 mA/cm 2. The measurements showed a widening of the distribution

function by 0.150 when the target thickness was increased by

A6 = 1 x 1015 atoms/cm2 at a 5 keV beam energy.

These experiments also detected the presence of components of the

H- beam, which had energies of one-half and one-third that of the ini-

tial energy E0. The presence of these components results from the

dissociation of the molecular components of the positive ion beam

(1q, 1q) and their charge exchange in the vapor target. At a target

thickness of 6 = 2.5 x 1015 atoms/cm 2 and energy E0 = 6.5 keV, the

composition of the analyzed H- beam was found to be in the ratio of

0.45:0.28:0.27, corresponding to an H- beam having energies of E0,

1/2 E0, and 1/3 E0, respectively. The presence of large low-energy

components indicates considerable molecular ion dissociation in the Na

jet even before it approaches equilibrium thickness. The beam-current-

density angular-distribution measurements showed that the 1/2 E0 and

1/3 E0 components of the negative ion beam had increased in angular

distribution by 0.10 and 0.3, respectively, over the E0 value [59].
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ii. Comparison of Cesium and Sodium Vapor Targets

The choice of target material was not obvious because of the scarcity

of data on the angular dispersion of negative ions formed by the charge

exchange of protons in Cs and Na vapors. Although considerable data

had been collected on the conversion coefficient of positive to negative

ions n-, the results obtained by various authors for Cs differed, largely

because of the low transmittance of the optical system for beams having

energies of 1 keV or less--the type of system that must be used with Cs.

A recent high-transmittance system [62], however, allows 100% transmis-

sion of both positive and negative ion beams through the system, even

at the lowest energies. This apparatus was used to measure the charge-

exchange coefficient of positive to negative hydrogen and deuterium ions

and the dispersion of the negative ions formed in Cs and Na vapors. Cs

and Na vapor targets were compared for optimum charge exchange of ion beams.

A schematic of the experimental apparatus used to compare charge

exchange in Cs and Na vapor targets is shown in Fig. 6. The proton

or deuteron ion beam is formed in the radio-frequency source (1),

separated by the magnetic analyzer (2), decelerated to the required

energy and focused by the ion optical system (4), and then collimated

before it enters the target (9). The beam current at the target

entrance is measured by a movable faraday cup (8) and the energy

spectrum by a retractable grid analyzer (7). To determine the

background signal caused by neutrals entering the target, an electro-

static deflection system (6) deflects the charged component of the

beam out of the beam line. The system analyzing the beam leaving

the target consists of an electrostatic lens (10), aperture (11),

and faraday cup (12). The lens potential is chosen so as to focus

the component of the ion beam being measured and to reject the

opposite charge component of the beam. The experiment differed from

earlier ones (as in [63]) only in that it did not use permanent magnets,

which were found to deflect the beam at energies below 0.5 keV and

thus to produce erroneous results. The alkali metal vapor target

used in the present experiments is described in [58,64].

To measure the beam dispersion angle, the lens, aperture, and

faraday cup (10, 11, and 12 of Fig. 6) are replaced by a scanning
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Cs, Na

15 16 13 16 7 -

Fig. 6--Experimental apparatus used to compare charge exchange

in Cs and Na vapors [62]

a--Apparatus for measuring conversion coefficient

b--Apparatus for measuring beam dispersion angle

1--positive ion source
2--magnetic analyzer

3, 5, 13--collimators
4--ion optical system
6--electrostatic deflection system

7--grid analyzer
8--movable faraday cup

9--target
10--electrostatic lens

11--iris diaphragm
12--faraday cup

14--electrostatic deflection system
15--electron multiplier

16--pumps

detector composed of a 0.3 mm diameter collimator (13) and channel

electron multiplier (15). The conversion coefficient ij- was

determined by the ratio of the negative ion beam current measured

beyond the vapor target to the positive ion beam current measured

at the entrance to the target. For each specific beam energy, n-

was recorded as a function of target thickness. The maximum value of

rl-, corresponding to a homogenous target thickness, is shown in

Fig. 7. Measurement errors are about 15% in Cs and about 10% in Na.

The results agree well with the data of A. S. Schlachter [22] in the

proton energy range above 1 keV. Earlier measurements of n- for

protons in Cs are given in [65].

-7. .............. . ...-
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Fig. 7--Dependence of conversion coefficient
q- on ion beam energy E in Cs

and Na vapors [62]

Data on the dispersion of the formed negative ions are shown in

Fig. 8, in which each data point represents an average of several

measurements. Although the scatter of data in the individual measure-

ments was not great, an analysis of systematic errors indicated that

the measured values of the half-angle divergence 6/2 and target thickness

deviated as much as 50% from the real values [62].

I--j6 = 1.1-1015 cm- 2  I--E = 4 keV
11-4 = 2.5-1015 cm- 2 II--E = 0.5 keV

6

"a x H ++Cs 10
+ M 5o + Cs W

4 - Y 0 H + Na M

0.5 1 3 6 0.5 ! 2 3 5
E,keV 6_"I0 -

_5,cm-2

Fig. 8--Dependence of half-angle divergence of negative ions
on energy (left) and target thickness (right) [62]
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The experimental results and other pertinent information

comparing Cs and Na charge-exchange vapor targets are presented in

Table 1. One notes the low H and D energy required for the maximum

production of negative ions in Cs. For this optimum energy (E opt),

the positive ion beam current density that can be produced is an

Table 1 [62]

COMPARISON OF Na AND Cs CHARGE-EXCHANGE TARGETS

Sodium Cesium

Conversion coefficient q- 0.116 0.195max

Ion energy Eo, corresponding

to n- 2.5 to 5.0 keV (H-) 300 to 400 eV (1-)
5.0 to 10.0 keV (IT) 600 to 800 eV (D-)

Positive ion current density
at E -50 to 100 mA/cm 2  -5 mA/cm 2

opt

Optimum charge-exchange target

- thickness 6 -2 to 1015 atoms/cm 2  -1 x 1015 atoms/cm 2

opt

Half-angle dispersion of neg-
ative ions at E 9 6 2.2 x 10- 3 rad (H-) '-5 x 10- 3 rad (H-)

opt opt 4 x 10- 3 rad (D-)

Target thickness 6bloc k re-

quired to cut gas flow by factor
of 1000 (calculated values) -4 x 1015 atoms/cm

2  -2 x 1015 atoms/cm
2

Half-angle dispersion of neg-
ative ions at E 6block 3.5 x 10- rad (H-) -7 x 10- 3 rad (D)opt blc

*" Saturated metal vapor pressure
at operating temperature of
condenser ,-106 Torr -10 - Torr

Corresponding atom concentration 2.4 x 1010 atoms/cm
3  3.0 x 1011 atoms/cm 3

Nuclear charge 11 55

Atomic weight 23 133

. .
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order of magnitude lower in Cs than that for the optimum energy in

the case of Na. Because the positive ion beam has a considerably

larger dispersion at the lower energies, the dispersion in Cs at

the optimum negative ion production energy is also considerably

larger. Even when the lower n- in Na is considered, these factors
max

lead to the conclusion that the ion source using a Na vapor target

provides a denser negative ion beam with much lower dispersion.

Sodium was also found to be more suitable than other materials

for the target vapor when the target jet was used as a vacuum lock

or gas recirculator. In this mode of operation, the target thickness

must be maintained at a higher value, thus producing a larger disper-

sion of the negative ion beam. There remains, however, no alterna-

tive to using the gas recirculating feature of the vapor jet, since

this is the only way, at present, of decreasing the gas load to the

high-vacuum system of the injector.

Other advantages of using Na in the system include its lower

vapor pressure at the operating temperature of the condenser, lead-

ing to a smaller emission of the Na into the high-vacuum system, and

its lower chemical activity, making it safer to use [57,62]. Thanks

to sodium's lower nuclear charge, the plasma radiation loss with

Na is a factor of 600 lower than the loss when Cs is used [45].

iii. Vacuum Properties and Mechanics of Vapor Targets

According to investigations conducted at IFTT in 1979 [66], the

alkali metal vapor jet can be used as a vacuum lock, a pump for

gas flowing out of the positive ion source, and a compressor for

recirculating the gas from the beam back into the discharge chamber

of the positive ion source.

Large-aperture H ion sources used in high-intensity charge-

exchange negative ion sources operate at a gas efficiency of 20 to

30% [64]. To prevent the destruction of negative ions extracted

from the source, the pressure beyond the charge-exchange target, in

the area where the negative ions are formed, should be less than

10 - 5 Torr. At such pressure, H- ion injectors need pumping speeds

10 of hundreds of thousands of liters per second for each ampere of H-

.4 .'. . -.- 4. .*4.. *. * **....... ....-......... ,..........,..."..... -,..... ... ,..•.,........-... . . . ........ ,... .... :..
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ion beam. When the target operates as a vacuum lock and pump, practi-

cally all of the gas flowing from the positive ion source is displaced

by the vapor jet to the area under the jet, where the gas can be

pumped at a pressure of about 10-2 Torr. All of the unused gas can

therefore be recirculated from the area under the jet to the discharge

chamber with the help of an electrically insulated gas flow path. This

gas recirculation scheme increases the gas efficiency of the charge-

exchange negative ion source, decreases the vacuum pumping requirements

in the high-vacuum system, and makes the injector more compact.

The experimental apparatus for investigating alkali metal vapor

targets with large (45 and 75 mm in diameter) beam apertures is shown

in Fig. 9. The vacuum lock, pumping, and recirculating capabilities

of the vapor flow were studied in detail. The supersonic sodium

vapor jet is formed by a flat Laval nozzle (1), with S exit/Scrit - 10

and a I mm critical cross-section slit width. The densest part of

the jet is collimated by the separator (4), passes through the charge-

exchange area, and then condenses on the walls of the condensers (7)

and (8). An electromagnetic pump (9) pumps the liquid Na back to

the vapor generator (2) [64,66].

To simulate conditions in the actual vacuum system of the H- ion

injector, a radio-frequency ion source (10), of the type described

in [67], was mounted on the experimental apparatus with vacuum

plumbing connections. The gas flow out of this ion source runs

along the beam pipe (5), is deflected downward by the Na vapor jet,

and either passes through the pump manifold (11) to the booster

pump (22), if valve (12) is open, or is pushed back towards the source

through the manifold (14), if valve (13) is open and (12) is closed.

The pumping speed S of the Na vapor jet was determined by

measuring the hydrogen gas flow through the jet and the input

pressure pl. Measurements were taken with P, = 10-3 to i0- 5 Torr

and vapor target thickness = 2 to 5 x 1015 atoms/cm 2 . The results

are shown in Fig. 10 for beam aperture - 45 un in diameter and a

pressure P3 below the beam line of less than or equal to 10-2 Torr

[641.
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32

15

1

6 -2

Fig. 9--Experimental apparatus for testing alkali metal
vapor target. with 4 5-mm and 75-nmn beam

apertures [64]

1--Laval nozzle
2--vapor generator
3--heater
4--separator

5, 6--beam pipes
7, 8--condensers
9--electromagnetic pump

10--ion source

11--pump manifold
12, 13, 18--vacuum valves
14--gas manifold
15--electrically insulated gas pipe
16--Na vapor detector
17--target chamber

19--partial pressure analyzer (APDM-I)
20--gas leak
21-hydrogen bottle
22--manifold leading to pump

As can be seen from Fig. 10, the pumping speed is almost indepen-

dent of pl for this pressure range and of 6 for thicknesses greater

than 3 x 1015 atoms/cm 2 . With a vapor target thickness of 2 to

5 x 1015 atoms/cm 2 and P3 from 10- to i0- 5 Torr, the specific

hydrogen pumping speed was found to be 5 i/s-cm 2 for the Na jet

and 3.9 Z/s-cm 2 for the He jet. These values are close to those

. . . ..,
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740 1
120- i t -. 26
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10-$ O- -3-

p1, Torr

Fig. 10--Dependence of pumping speed of Na
vapor jet on pressure [64]

i-6 = 5 x 1015 atoms/cm
2

2--6 = 3 x 1015 atoms/cm
2

3--6 = 2 x 1015 atoms/cm2

obtained by diffusion pumps Pumping speeds were also measured using

the inert gases Ne, Ar, and Xe.

Another test was made with hydrogen flowing from pipes (5) and

(6) simultaneously (see Fig. 9, above). The results demonstrated

equal gas loading on both sides of the vapor jet and a doubling of

the pumping speed of the system. This shows that both sides of

the vapor jet operate with equal efficiency [641. Inasmuch as both

sides of the vapor jet possess the same pumping speed, the gas-blocking

capabilities of the jet can be determined by the value of the pressure

ratio Pl/P2 as long as the jet is the sole means of pumping its

surrounding areas. In this case, the gas is fed into the pipe (5)

and valves (13) and (18) are closed. Table 2 gives the experimental

values of the pressure ratios PI/P2 for various jet thicknesses 6 and

gases [66). For these measurements, the pressure before the vapor jet

P, was kept at 3 to 4 x 10- 3 Torr, corresponding to the actual values

of the pressure to be found in negative ion injectors.

These investigations showed that the Na vapor jet, in addition

to serving as a charge-exchange medium for a hydrogen ion beam, can

also provide a substantial barrier to the gas flowing out of the
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Table 2 [661

GAS PRESSURE RATIO AS A FUNCTION OF TARGET THICKNESS

6, atoms/cm 2

Pl/P2 2 x 1015 3 x 101 5  5 x 1015

H2  1 x 102 1.2 x 102 4.6 x 102

He 1.3 x 102 1.4 x 102 1 x 103

Ne 1.1 x 103 ....

Ar 6 x 102  ....

Xe 1 x 103  ....

positive ion source. Thanks to the gas-blocking capability of the jet,

the gas can be pumped away by the forepump in the 10-2 to 10- 3 Torr

range, decreasing the high vacuum-pumping requirement beyond the

vapor jet by a factor of 100 or more.

In 1980, the Kurchatov Institute made a theoretical analysis of

gas penetration through an ultrasonic vapor jet, on the assumption

that the gas dynamics in the vapor jet acquire diffusion character-

istics [681. Expressions were derived to calculate the pressure

drop across the vapor jet, various gas flows, and pressures for a

series of geometries and materials used in the vapor jets.

The IFTT experiment also investigated the recirculation properties

of the Na vapor jet to determine the possibility of pumping the

positive ion source gas load back into the source discharge chamber,

using the apparatus shown in Fig. 9, above [64]. To maintain the

required ion source pressure of approximately 10-2 Torr, the hydrogen

flowed out of the bottle (21) through the gas leak (20) at a rate

of 1.4 atm-cm 3/s and was pumped through valve (12). When the system

was set up to test the gas recirculation capability, valves (18) and

(12) were closed and (13) was open. Then the gas from the area

below the beam was forced to flow through the manifold (14) and

insulated pipe (15), back to the ion source discharge chamber. To

maintain the 10-2 Torr source pressure, the hydrogen gas flow

from the bottle had to be lowered to 8 x 10- 2 atm-cm 3/s.

," a"......A, ..- '. . -•"
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Typical pressures for this experiment were pl = 5 x 10- 3 Torr,

P2 = 4.5 x 10- 5 Torr, P3 = 3 x 10-2 Torr (under the beam line), and

source pressure = -10-2 Torr. The measurements showed that about

95% of the hydrogen gas flowing out of the source was recirculated

to the source, with only a 5% loss to the high-vacuum side. The

recirculating hydrogen flow rate was 1.32 atm-cm3 /s. To pump this

gas load at a pressure of 4.5 x 10- 5 Torr would require a pumping

speed of about 2 x 104 Q/s, but with the Na jet recirculating the

hydrogen, this pumping requirement could be dispensed with.

Finally, the IFTT experiment was used to study the formation of

sodium hydride as a result of the reaction of the hot Na jet and the

hydrogen gas pumped by the jet. The chemical reaction is

2Na + H2 ' 2NaH. The conditions in the condenser, where the liquid Na

is 1000 to 120%0 and the hydrogen gas pressure P3 is 10-2 to 10- 3 Torr,

are right for the formation of sodium hydride; the reverse reaction

(the dissociation of the hydride) takes place in the vapor generator

at a temperature of approximately 7000C. Measurements with the partial

pressure analyzer (item 19 of Fig. 9), however, showed no presence

of NaH peaks. This can be explained, first, by the very small hydride

formation at the liquid Na temperature of 1200C and, if it is formed,

by its complete dissociation in the vapor generator at the 6000 to

700*C temperatures needed to obtain the vapor thickness of 1 to 5 x 1015

atoms/cm 2 in the Na jet [64].
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IV. ION BEAM NEUTRALIZERS FOR NEUTRAL BEAM PRODUCTION

High-energy neutral beams can be formed most efficiently by in-

jecting negative ions into gas or plasma targets (i.e., by removing

an electron from the negative ion). As shown in the appendix, the

effectiveness of this method stems from the large cross section for

the detachment of one electron from the negative ion as compared with

the cross section for electron detachment from the resulting neutral

atom. At ion energies greater than 100 keV, up to 65% of the H- ions

can be converted to hydrogen atoms in gas targets and up to 85% in

plasma targets. The H - H0 transformation can be achieved with al-

most 100% conversion efficiency by a photodetachment cell. The opti-

mization of the qualitative and quantitative elements in the neutrali-

zation of high-energy negative ion beams can best be achieved by maxi-

mizing the neutral beam conversion coefficient and minimizing the

angular distribution of the resulting atomic beam. A survey of vari-

ous negative ion neutralization schemes [69) showed the maximum neu-

tralization efficiency of H- ions to be independent of negative ion

beam energy at 100 keV to 1000 MeV.

Soviet experimental and theoretical work on the three types of

ion beam neutralizers are discussed in this section. Early Soviet

research (1965 to 1973) concentrated on the development of gas

neutralizers, involving for the most part the creation of various

gas jets for neutralizing both positive and negative ion beams; gas

neutralizers are treated in subsection 1. Since the late 1970s,

the Soviets have also been developing plasma neutralizers for convert-

ing negative ion beams into neutral beams; these are described in

subsection 2. In addition, the Soviets have been engaged for at

least ten years in the theoretical investigation of negative ion

beam neutralization at high energies; high-energy beam neutralizers

are discussed in subsection 3. Further Soviet data on electron

detachment cross sections, neutral conversion coefficients, and

neutral beam angular dispersion measurements are given in the

Appendix.
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1. GAS NEUTRALIZERS

The investigation of gas neutralizers at the Kurchatov Institute

between 1965 and 1967 focused on the development of an atomic hydrogen

injector for the OGRA-II magnetic trap. CO2 and Mg ultrasonic gas

jets were used as the neutralizing targets, with target thicknesses

of 5 x 1015 atoms/cm 2 and beam apertures of 250 cm2 at the entrance

and exit of the neutralizer [70,71]. The design and construction of

the neutralizer allowed an operating pressure of 2 x 10-5 Torr at the

ion source and 1 x 10 - 9 Torr at the magnetic trap, ensuring a pressure

drop of a factor of 106 between the gas neutralizer and the magnetic

trap. The experiments obtained high production of highly excited

hydrogen atoms in a 20 keV hydrogen beam and demonstrated the superiority

of Mg over CO2 as a charge-exchange material.

At about the time of the Kurchatov research, IFTT was investi-

gating Li as a vapor neutralizer, with 6.5 mm diameter apertures and

target thicknesses of up to 4 x 1015 atoms/cm 2 [72,73]. Absolute

measurements were made of the concentration of Li atoms and the Li

gas in the vapor jet. The Li neutralizer was further developed in

1973, using a 45 mm aperture diameter and a target thickness of 5 x 1015

atoms/cm2 [74]. In these experiments, Li was recirculated by the

condenser (11) and Laval nozzle (6), as shown in Fig. 11. The vacuum

measured 5 to 7 x 10 - 7 Torr in the neutralizer with the Li jet operating.

This neutralizer can in principle operate with any alkali metal;

thus, it can also be used to convert positive to negative ion beams

by double charge exchange (as described in Section III) and to form

highly excited neutral particles (as described in [75,76]).

The Physico-Technical Institute researched gas neutralizers

from the early 1960s through 1973, trying various designs of gas

jets and nozzles using Ar, C02, and Mg vapors [77,78,79,80]. Jets

operating under several atmospheres of pressure proved more advanta-

geous than jets operating at lower pressures. At 5 atmospheres, the

jet demonstrated a factor of 106 difference between the pressure

inside the jet (3 x 10- 2 Torr) and the pressure 15 cm orthogonal to

the jet axis (3 x 10- 8 Torr) (781. The gas flow from the source into

the high-voltage end was determined in 1969 to decrease by a factor

of 100 with the operation of the gas jets [81].
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4'4

Fig. 11--Gross section of a Li vapor neutralizer [74]

1--current feed for the vapor generator
2--neutralizer housing
3--heat shields
4--vapor generator heater
5--vapor generator
6--Laval nozzle
7--electromagnetic pump return line
8--water lock
9--vacuum valve

10--nitrogen trap
11--condenser
12--man omete r
13--Li charge cylinder

2. HYDROGEN PLASMA NEUTRALIZERS FOR H- AND D- BEAMS

Soviet researchers are concentrating on the development o)f n

economically feasible plasma target to be used as a neutralizer tor

Hr and Dr beams in the production of high-energy neutral beams. Plasma

.......................

Fig.ll-Cros setionof Livapo netralzer[74



39

targets, although more complex and more expensive than gas targets, in

theory can have a conversion coefficient of as much as 80 to 90%.

The diagram of a hydrogen plasma target developed at NPI in

1980 is shown in Fig. 12 [82,831. The hydrogen (or deuterium) plasma

is generated in the plasma source (i), which has an LaB 6 thermionic

cathode. The plasma flows along the lines of force of the magnetic

field formed by solenoid coils (3). In the straight section of

solenoids next to the source, the plasma flow pumps out the un-ionized

hydrogen. The second straight section of solenoids is the actual plasma

target; at the end of the target, coils (5) create a reverse magnetic

field that deflects the plasma into pumping manifolds (4). The 90'

turn of the plasma path allows the neutralized beam to exit unimpeded

from the plasma target. The hydrogen (or deuterium) plasma flow has a

diameter of about 4 cm and a total path length of 1.5 meters, of which

0.8 m is the plasma target.

0 0 0R E 0 a

S0-/

\2
0 0

Fig. 12--Diagram of the NPI hydrogen plasma target [82]

1--plasma source
2--differential pumping area
3--solenoid coils
4--pumping manifolds
5--coil providing reverse magnetic field

The stripping efficiency of the hydrogen plasma target was

measured in the experimental setup shown in Fig. 13. A pulsed

IC beam with a pulse length of 0.3 ms and energy of 500 keV at the

exit of a Van de Graaff accelerator was analyzed with a magnet (1)

and collimated by a diaphragm (2), 0.5 to 1.0 cm in diameter, located
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2 V

Fig. 13--Experimental apparatus used to convert H- beam
into neutral atoms [82]

1--analyzing magnet
2--collimating aperture
3--plasma beam
4--solenoid coils
5--stripping foils
6--faraday cups
7--pulsed gas leak

coaxially with the solenoid (4) of the plasma target. After passing

through the target, the ion beam was separated into its three components

(H-, H0 , and H) by the magnetic field of the bent solenoid. Each of

the separated beams was then passed through a Lausen stripping plate

3500 A thick, and the proton beams thus formed were collected by

faraday cups.

The experimental results of this work are shown in Fig. 14, which

gives the dependence of the neutral hydrogen beam produced from

500 keV H- ions as a function of the plasma target thickness. The

maximum value of the neutral beam production conversio coefficient

nO = 1I0/( 0 + I- + I+ ) is observed to be 84.5 ± 0.5%, at a target

thickness of 2 x 1015 cm-2 [82]. The maximum calculated value of this

coefficient for a 500 keV H- beam and the same target thickness is

84.3%, showing excellent agreement between Soviet theory and experi-

ment. The plasma target thickness was determined by the attenuation

of the negative ion beam, using cross sections provided in [84,85].

These values also agree well with the calculations made by Grossman

at BNL [29]. Assuming a 500 keV H- beam passing through a hydrogen
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0 os 70 15 20 25.1015 cm- 2

Fig. 14--Beam component outputs as a function
of plasma target thickness [82]

plasma that is 80% ionized (as determined in [83]), one obtains a

maximum conversion coefficient (neutralization efficiency) of 86.7 to

87.0% from Grossman's data (Fig. 5 of [29]).

The NPI investigations of the plasma target neutralizer shown in

Figs. 12 and 13, above, used a 500 keV H- beam (equivalent to a

deuteron beam energy of I MeV) [821. Experiments at other energies

were considered unwarranted, because NPI researchers had in 1975

showed neutral hydrogen beam production to be relatively independent

of energy in the range of 0.5 to I MeV [86].

NPI researchers used the apparatus shown in Fig. 15 to analyze the

plasma density, degree of ionization, plasma stability, atomic and

molecular ion composition, plasma dispersion, beam profile, and pump-

ing properties of the plasma target neutralizer and to find the optimum

plasma parameters for stable operation [82,83,87]. The plasma was

formed in these experiments with a square-wave, 1000 A, 1.5 ms pulsed

discharge in the plasma source, powered by a I ohm forming line. Probes

measured the plasma electron temperature at 5 eV. According to mass-

spectroscopic measurements at typical operating conditions, the plasma+ +
at the plasma source exit was composed of 85% H and 15% H2 and had

a density of about 101^ cm- 3 [83].

The plasma was made to follow a 900 bend with a radius of 25 cm

by a I to 1.5 kgauss magnetic field without substantial loss of plasma
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Fig. 15--Schematic of experimental apparatus
for investigating plasma character-
istics [831

1--LaB6 cathode
2--anode grid
3--gas valve
4--three-element probe
5--microwave antenna
6--diagnostic hydrogen atom

inj ector

7--faraday cup
8--langmuir probe
9--solenoid coils

to the chamber walls. Plasma density, which decreased about 20% after

the plasma made the turn, reached a maximum of over 2 x 1013 cm in

the target. The loss in density was attributed to the recombination

of molecular ions in the plasma flow. The 90' turn creates conditions

for thc formation of a flute instability, which causes the loss of

plasma to the chamber walls; however, the experimenters were able to

control the flute instability by having the plasma flow make contact

with the face of the emitting cathode.

The maximum densit- of the plasma flow in these experiments was

controlled by nullifying a microwave signal having a 7 to 11 mm wave-

length. The transmitting and receiving antennas (5) were located

before and after the 90' turn. The plasma density and degree of

ionization were determined by observing the attenuation of the H0 ,

, and 6F beams produced by the diagnostic injector (6), described

........................................
7-- q faraday cup.
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in [881 and Section V, 4, iii, below. The attenuation of the H0

beam from a similar injector operating with energy of 5keV was used

to determine the plasma target thickness along the straight portion

of the plasma beyond the 900 turn (the actual plasma target).

NPI experiments in 1979 [83] to investigate the quality of the

plasma flow replaced the plasma source anode grid with a plate

incorporating an array of apertures. The plasma beam was turned on

and the image of this aperture array was imprinted on a metal plate

100 cm from the anode along the beam axis. The orientation of the

image on the plate coincided with the orientation of the apertures

in the anode and the size of the aperture image was only 1 mm larger

than the actual apertures of the anode. These findings confirmed

the insignificance of the dispersion and rotation of the plasma flow.

The current density distribution of the hydrogen plasma beam was

measured 100 cm from the anode of the plasma source, using a langmuir

probe (item 8 of Fig. 15). The results of these measurements are

shown in curve 1 of Fig. 16. To investigate the plasma diffusion in

the source discharge and its effect on the beam profile, a 1 cm

diameter insulated tantalum disc was placed 0.5 cm from the cathode

along the axis of the source so as to block the discharge near the

axis. The beam pror.ea, as measured by the probe and shown by curve

2 of Fig. 16, demonstrates a well-defined hollow with sharp edges; at

100 cm from the anode, the hollow did not fill in during the time of

the beam flow.

The total flow of the plasma was measured with two three-element

probes (item 4 of Fig. 15), located immediately after and 50 cm from

the source anode. The probe measurements showed a discrepancy of 10%

to 15% with the data obtained using the microwave measurements;

the discrepancy is probably due to the molecular ion recombination in

the beam, since the recombination path length of the H2 ion in a plasma

with a density of 1013 atoms/cm 3 is only about 5 cm [83].

The relative atomic and molecular ion composition of the plasma

flow was measured 10 cm from the anode (curve 1 of Fig. 17) and at the

pumping manifold, 130 cm from the anode (curve 2 of Fig. 17) [831. The
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0,2
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Plasma beam radius, cm

Fig. 16--Current density distribution in hydrogen
plasma beam, measured 100 cm from anode

grid [83]

1--beam normally generated by plasma

source
2--beam with I cm diameter disc placed

on beam line, 0.5 cm from cathode
surface

209-
aSnH+ 1. 2

H20
%-n__ _ n o 10 - 13, cm-3

n+ + ni+
2 190

0

01

0.0,5 1,0

Time, ms

Fig. 17--Molecular hydrogen ion concentration and
gas density in plasma as a function of
time [83]

1-Hconcentration at plasma source exit

.4 2--H12 concentration at end of plasma flow

3--un-ionized gas density in plasma flow

4 q/

...................................
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molecular component of the hydrogen ion in the beam at the plasma

source exit measured about 15% and remained unchanged during the pulse

length. The absence of the H2 ion component in the plasma at the

beginning of the pulse, as measured at the end of the plasma flow

(curve 2, Fig. 17), was due to the removal of the molecular component

from the beam by dissociative electron attachment. The subsequent
increase of the H+ ions in the latter part of the pulse can be

explained by the pressure increase of the hydrogen gas at the pump

manifold and the associated formation of the H2 by gas ionization.

Curve 3 of Fig. 17 represents un-ionized gas density in the plasma

as a function of time. The gas buildup in the plasma during the discharge

results from the accumulation of gases liberated from the vacuum chamber

walls. These un-ionized gases surround the plasma flow, which isolates

itself from the un-ionized gas, ionizes the gas, and pumps it to the

pumping manifolds (82]. This phenomenon was measured by introducing

pulses of un-ionized gas through the gas leak (item 7 of Fig. 13) near

the end of the target.

The dependence of plasma density and un-ionized gas density in the

plasma, measured as a function of the discharge power input, is shown
in Fig. 18. The degree of ionization of the plasma flow beyond the

J°" 

5,0

Maximum plasma
., ! density

!2" 

n'10-13' 
er-3

0

Un-ionized gas
in plasma

0 Y0 jo §0 70 11 9Pj kW

Fig. 18--Maximum plasma density and un-ionized gas
in plasma as a function of discharge
power input [83]
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900 turn was approximately 80% for hydrogen. The maximum plasma density

was determined by the attenuation of a 10 keV H- ion beam passing

orthogonally through the plasma flow. The measurement of the amount

of un-ionized gas in the plasma target was made by cutting off the

source discharge current after 5 ws and turning on the diagnostic H

beam 50 Ps after the current was turned off.

These measurements demonstrated that a stable plasma flow can be

maintained with a density of up to 3 x 1013 cm- 3, plasma target length

of 80 cm, and integral plasma thickness of 2.2 x 1015 atoms/cm 2, the

optimum for the neutralization of 1 MeV D- ions. The high values

obtained for the conversion of negative ions into neutral atoms and

the added advantages of the pumping action of the plasma flow make

this type of plasma target promising for high-energy neutral beam

injectors. Researchers at NPI indicate that the target will be used

for further experiments on the conversion of negative ions to neutrals.

3. HIGH-ENERGY BEAM NEUTRALIZERS

Researchers at the Nuclear Physics Research Institute (NPRI) of

Moscow State University and at the Radiotechnical Institute (RTI)

in Moscow made theoretical calculations on the neutralization of nega-

tive ion beams at high energies. The NPRI research, which has been

going on for at least ten years, is concentrated on determining the

angular and energy distributions of ions emerging from various charge-

exchange targets. From 1974 to 1979, RTI investigated the electron

stripping of H- ion beams by the background gas in linear accelerators

[89,90].

The NPRI and RTI theoretical research was conducted in conjunction

with the development of a linear accelerator that will go into opera-

tion at the Intermediate Energy Physics Complex of NPRI. The linac

is to accelerate H- beams along with proton beams for application in

a meson factory 191,921. In one mode of proposed operation, the linac

will accelerate H- heams with a full average current of 1 mA. Consider-

ation h.is als(,.Pen given to the acceleration of H- beams up to average

currents of 100 mA, while keeping the radiation cleanliness of the

accelerator at an optimum 1901.

• " " • " • "" " • "• ".-" " ," ""°" % "% "9" i, "q " ,.* * " 
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The acceleration of I- beams in a linear accelerator, using

charge-exchange injection at energies of 600 to 1000 MeV, allows the

development of high-intensity proton storage. The H- beam is accel-

erated in a linac and then passed through a charge-exchange target

located in the chamber of the storage ring. The target, in this case

a solid film made of a light element (Be or C), allows the H- ions

to be converted into protons with close to 100% effectiveness. Prelim-

inary studies showed the increase in emittance of the stored beam to be

an insignificant part of the emittance of the injected beam [93].

At NPRI, calculations were made for the neutralization of linac-

accelerated I- ion beams to energies of 100 to 600 MeV [94,95,96]. NPI

determined various target thicknesses for optimum stripping of H- beams

[971. More recently, the angular and energy distributions of electrons

emerging from the charge-exchange targets were investigated theoretically

[98]. Electron spectra were studied for use as a diagnostic of the

primary ion beam. In this case, when the charge exchange occurs on

very thin targets, the electron parameters can be measured without

disturbing the primary ion beam. The angular and energy spreads of

electrons emanating from a high-quality H- ion beam do not exceed

the corresponding spreads of the primary ion beam and may therefore

be used to measure the angular and energy distributions of the incident

ion beam [98]. NPRI researchers also calculated the electron detachment

cross sections of hydrogen beams at high energies (10 to 1000 MeV)

in light target materials (see Appendix, Figs. 37 and 38) [99,100].

In addition to electron stripping of H- beams in background gases,

RTI researchers theoretically investigated the formation of H- ion

bunches at the input to the linear accelerator. They developed an ion

buncher with a pulse length of 15 to 20 ns and repetition rate of

10 MHz. Bunching led to a 50% to 60% decrease in the loss of particles

at the exit of the injector, instead of the normal 80%, and reduced

the drift space from about 25 meters to 2.5 meters [101]. The formation

of H- bunches with pulse lengths of 200 ns and repetition rates of

4.129 MHz at the entrance to the linear accelerator was also calculated

[102]. In this case, the H- injection energy was 750 keV, with a

maximum beam current of 150 mA, to provide the 75 mA pulsed input

,-.-,-., .-..- -'.--.-..'.. -. .. .-..-,...- .-.- --.-. ,-,- . . -...-. .-'-..
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beam current for the linear accelerator, which had a working coefficient

of k = 0.5 [102]. The references to high-energy acceleration of H- ion

beams in linear accelerators cited in this section were the only ones

found in a search of the Soviet literature, and all point to future

experiments. Experimental data have not yet been published in this

high-energy range.
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V. NEUTRAL BEAM INJECTION SYSTEMS

Soviet research on neutral beam injectors has been concentrated

mainly at the Kurchatov Institute, while various components are being

developed at NPI, IFTT, IPI, and the Yefremov Institute of Electrophys-

ical Equipment in Leningrad. This section discusses injector systems

and their general operating parameters and describes the INES and MIN

injector test facilities at Kurchatov, the Kurchatov deuterium atom

injector system, and research on various diagnostic neutral beam

injectors. The efficiency of an injector based on the neutralization

of negative ions is determined not only by the energy used to form the

negative ions but by the loss of ions in the transport, acceleration,

and/or neutralization of the beam.

1. EARLY RESEARCH ON NEUTRAL BEAM INJECTORS

An intense hydrogen atom injector developed at Kurchatov and re-

ported in 1970 [103,104] produced a 0.5 A equivalent HO beam current

at energies of 15 to 30 keV. This injector did not use negative ion

beams but transformed an H ion beam directly into a neutral beam in

an Mg vapor target. Early tests demonstrated proton beams of 1 A and

a maximum H0 atomic beam of 0.6 A at an energy of 20 kV.

The Kurchatov tests measured the H0 atomic output formed by the

neutralization the H+ beam as it passed through the Mg vapor jet;

the tests also measured the H atoms that were not neutralized and the

neutral equilibrium fraction 00 as a function of both H beam energy

and beam current [104]. In the energy range of 15 to 30 keV, the 4C

did not change with the increase of H+ beam current up to 1 A; at

1 A, however, the current density rose to about 25 mA/cm2 and began to

affect the 00. Figure 19 shows the sharp decrease of 00 as H beam

energy increases. The 00 was also measured at IPI in 1966-1967, using

Mg and Cd [105] and Na and Ne [106]. In the energy range of 10 to

20 keV, the Kurchatov and IPI data for Mg agreed well; at higher

energies, however, the Kurchatov data showed a sharper decrease, as

shown in Fig. 19. This discrepancy was traced to Kurchatov's

• . "- ". o ".•" -' , " •.........."................-..q..-" -............".-.....-.............................-..... • " " " "
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Fig. 19--Neutral equilibrium fraction o

as a function of H+ beam energy
in Mg (solid line represents
Kurchatov data, dashed line
IPI data) [104]

insufficient magnetic shielding in the neutralizer section when the

magnetic field of the source was increased as required for higher

energy operation.

The Kurchatov experiments also measured vertical neutral beam

size as a function of H+ current, beam energy, and H+ beam size.

Figure 20, showing neutral beam size as a function of H beam current,

demonstrates the possibility of obtaining a minimum with the choice

of appropriate parameters. The experiments demonstrated further

that the formation of a plasma with a density of up to 1013 cm- 3 in

the target had no effect on the value of 0 (neglecting any excita-

tion of the hydrogen atoms).

From the mid-1960s to 1973, researchers at the Physico-Technical

Institute in Kharkov worked on the development of neutral atomic beam

injectors. Their research involved the neutralization of negative ion

beams by ultrasonic gas jets, the design of gas jet components and

nozzles, and the investigation of the vacuum properties of gas targets

(see Section IV, 1).

At the Kurchatov Institute, a team led by V. I. Pistunovich was

involved from 1970 to 1976 in the charge exchange of plasma flow

through gas, using the INES (injector of neutral clusters), a coaxial

plasma injector, to produce intense H0 atomic beams for heating plasma
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Fig. 20--Vertical neutral hydrogen beam size
as a function of Ht beam current,
with beam collector placed 2.2 m
from ion source (1041

1--15 keY beam energy
2--20 keV
3--25 keV
4--25 keY, with reduced angular

spread approaching Pierce
geometry

in tokamaks [107,108,109]. Like the Kurchatov intense hydrogen atom

injector described at the beginning of this section, the INES did not

use negative ion beams.

Early research on the INES facility involved the formation of

neutral plasma clusters by passing a 2 to 4 keV proton beam through

an ultrasonic Mg vapor jet [1101. This work demonstrated that the

charge exchange of the plasma clusters, which had an ion density

ni ; 1011 cm- 3 and current density J ; 1 A/cm 2 when interacting with

various gas targets, took place in accordance with the classical model

of pair production and showed no appreciable beam scattering up to a

target thickness of 3 x 1016 cm- 2. Further experimentation in 1973

demonstrated the appearance of anomalously high energy scattering of

the plasma clusters when the beam current density J exceeded 10 A/cm 2

and ion density ni =: 1013 cm-3. The energy loss of the plasma beam

was explained by the scattering of charged beam particles in the target

gas and the formation of unstable beam oscillations with turbulent

electric fields.
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A diagram of the INES injector, interaction chamber, and

dosimetry used in the Kurchatov experiments is shown in Fig. 21. The

plasma flow created by the coaxial plasma gun (1) was transported

along the metallic 12 cm diameter channel (2) into the charge-exchange

chamber (4). Target gases of H2 , CO2 , A, and He were introduced into

the chamber through the pulsed gas leak (3). High-frequency probes

determined the dependence of the plasma oscillations on gas density

in the target. The experimental results showed that when the initial

plasma flow interacted with the gas target, the beam ions were converted

by charge exchange into fast neutral atoms with an effectiveness of

about 0.5 [109].

Cold hydrogen ions were formed as a result of the interaction in

the gas target, and the density of these ions built up with time. After

0.1 to 0.2 Ps, unstable oscillations with average electric fields of

10 to 15 kV/cm were induced in the target plasma. The subsequent flow

of ions experienced a high rate of scatter. These turbulent electric

fields, which were produced by the interaction of the plasma cluster

with the gas, were measured using the intensity of the forbidden neutral

57

Fig. 21--Schematic of the INES injector [109]

I--plasma gun
2--plasma channel
3--pulsed gas leak
4--charge-exchange chamber
5--horn-type VHF antenna
6--double langmuir probe
7--high- frequency probe
8--the rmoprobe
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He lines and the stark broadening of the atomic hydrogen lines [1111.

These experiments showed that intense ion-acoustical oscillations

formed in the beam interaction region caused the plasma cluster

scatter. The electron-langmuir oscillations that were also formed

probably heated the plasma electrons.

2. THE MIN INJECTOR TEST FACILITY

The MIN test facility, built specifically for research on charge-

exchange systems and negative ion beam and neutral beam injectors,

went into operation at the Kurchatov Institute in 1976. As reported

in 1977, the MIN facility produced H ion beam currents of 1.4 A at

40 keV with an 8 A H+ beam at 10 keV and a pulse length of 10 ms

focused into a Cs or Na vapor target [112]. The negative ion beam

formed represented about 18% of the total current of positive ions

and neutrals channeled through the charge-exchange cell.

Although the MIN facility has produced beams of over 20 A of H

and D + , higher negative ion yields have not yet been reported. The

electron beam current produced in these experiments has been reported

to be one-half of the negative ion beam current [51]. However, problems

stemming from the large volume of electrons leaving the vapor target

and entering the high-voltage gap, where they create sparking, has

slowed the pace of this research. Kurchatov researchers believe

that they can decrease this current by modifying the acceleration

system and by preventing the electrons' leaving the target area. To

suppress the unwanted electrons, the fine-mesh grids were replaced

with a long, negatively biased suppression tube [42]. The negative

ion beam is presently extracted at 20 kV. The experiments showed the

need to maintain a low pressure in the region located immediately

after the vapor target. Two mechanisms were noted: the loss of the

negative ions due to stripping of the electrons by the background

gas and the effect of space-charge neutralization of the negative ion

beam by the background gas.

To achieve higher negative ion beam yields and thus to maximize

the total neutral beam output, the Kurchatov team is using the molecular

components of the positive ion beam (D2 and D3) as well as D The
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neutral beams produced from these molecular components are one-half

and one-third the original energy and not as clean in energy and diver-

gence. However, Kurchatov researchers consider neutral beams with

divergences of ±10 usable and hope to be able to transport the neutral

beam distances of about 10 meters.

The MIN power supply allows positive ion currents of up to 100 A

at 10 keV and negative ion currents of up to 10 A at 100 keV with

pulse lengths of up to 115 s and intervals between pulses of 40 to

60 s.

Figure 22 shows a diagram and Fig. 23 two photographic views of

the MIN test injector; Fig. 24 presents two photographs of the Na

vapor charge-exchange target (item 6 of Fig. 22). According to Soviet

1 2 3 4 5 6 7 8 9 10 1112 4 1M 4

Fig. 22--Schematic of the MIN injector test facility

1112]

I--positive ion source
2--source insulator
3--ion beam

4--vacuum tank
5--pumping manifold
6--Na charge-exchange target assembly
7--vapor generator

8--Na vapor jet

9-- condense r
10--high-vol tage insulator
l--acceleration sstem
12--beam collector
13--vacuum pumps
14--ground potential floor
15--100-kV potential floor
16--vacuum valves

14--ground. poeta.lo
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+
extracts D ions at 5 to 10 keV from a deuterium ion source and

passes them through a charge-exchange vapor target to convert them

into negative ions. These are preaccelerated to the required energy

and passed through the electron-stripping target. The low energy of

the positive ions is required for maximum conversion of positive to

negative ions.

A diagram of one module of the injector system is shown in Fig. 25;

several such modules will be used in parallel to obtain a total neutral

beam power of 30 to 40 MW [113]. The ion source (1) produces positive

ion beam currents of about 100 A with a current density of 0.25 A/cm 2.

An ultrasonic Na vapor jet (2), used as the charge-exchange target,

converts positive into negative ions. The preacceleration system

(3), consisting of electrodes mounted inside a high-voltage insulator,

is followed by a magnet (4), which bends the negative ion beam through

a small angle into the entrance aperture of the thermonuclear reaction

chamber. The neutral particles formed in the vapor target (2) are

collected on a special collector (5). The negative ion beam then

passes through the stripper (7), several types of which are now being

developed [74,82].

Injector efficiency should be greatly increased with the incorpora-

tion of the newly designed plasma target described in [82]. Beyond

the stripper, the beam consists of approximately equal amounts of

positively and negatively charged particles, which are deflected with

appropriate magnetic fields onto the ion collectors (8).

To limit the loss of D_ ions, the pressure of the background gas

in the drift area near the neutral beam collector (5) is not permitted

to exceed 1.33 x 10- 3 Pa and the area is screened from stray magnetic

fields. In the injector modules, the drift areas are equipped with

cryogenic pumping elements (6), in addition to the usual pumping

systems (9).

The negative ion output from the charge-exchange vapor target

at a positive ion energy of about 7 keV reached 0.12 of the DI beam

component. However, the total negative ion output reached 0.18 of
+ +the positive bearm when the D2 and D3 beam components were taken into
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Fig. 25--400 to 600 keV deuterium atom injector module [113]

1--positive ion source
2--Na charge-exchange target
3--preacceleration system
4--bending magnet
5--10 keV atom collector
6--cryogenic pumping elements
7--Li stripper target
8--400 to 600 keV ion collectors
9--vacuum pumps

10--vacuum valves
11--adjacent injector module

account (see Fig. 26). In the target, these molecular components were

dissociated into lower energy ions and then charge exchanged.

The efficiency of the neutral beam injector is shown in Fig. 27

as a function of beam energy for both positive and negative ion beam

use. Negative ions (in this case obtained by charge exchange in Cs

and Na) provide optimum operation at higher energies.

" ° . . . . - .- -. . -
.°*. .- .... . . . . .
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Fig. 26--Negative ion output as a function

of H+ ion beam energy [113]

1--H T = 100%
+ H++ +0+

2--H1 = 70%; H2 = 20%; H+ = 10%
1+ +

3--H 1 = 60%; H 2 = 20%; H3 = 20%
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Fig. 27--Deuterium beam injector efficiency
as a function of energy [113]

1--positive ion injector
2--positive ion injector plus

energy recovery (90%
efficiency)

3--negative ion injector (charge
exchange in Cs)

4--negative ion injector (charge
exchange in Na)
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4. INJECTION SYSTEMS BASED ON POSITIVE ION BEAMS

Soviet researchers are developing several neutral beam injectors

that operate on the direct neutralization of positive ion beams, the

total beam energy of which is well below 100 keV. Foremost among these

injection systems are the OGRA-IV, AMBAL, and NPI diagnostic injectors.

i. The OGRA-IV

The OGRA-IV neutral beam injector experiment at Kurchatov, which

is scheduled to begin in late 1982, will investigate plasma properties

for mirror trap research. Based on a technique developed by the

Semashko group at Kurchatov, four approximately 30 keV, 7 x 18 cm2

cross-section neutral beams will be injected (two from either side)

into the plasma of the superconducting, "baseball"-configured OGRA-IV.

The neutral beams will be formed by passing H+ ions through Mg gas jets

equipped with water-cooled chevron chambers. In addition to neutral-

izing th- beam, the gas jets will block the gas flow [51].

Recent experiments on the OGRA-IIIB provided data on the behavior

of the potential and electron component of the plasma at low ion den-

sities. In this experiment, an H0 beam was formed and injected into

the "baseball" at 20 keV; the beam had a cross section of 8 x 8 cm2 ,

an equivalent current of 0.2 A, and pulse lengths of 1 to 2 s [114].

ii. The AMBAL

The AMBAL ambipolar trap facility now being assembled at NPI will

use H0 beams of 25 keV to heat and sustain the plasma. The neutral

beams will be formed by charge exchanging proton beams in a Mg vapor

jet target, which NPI recently tested [115]. A detailed description

and diagrams of the AMBAL facility are provided in [116]. Figure 28

shows the location of the neutral beams and the plasma [117].

The output from the 10 keV charge-exchanged H+ ion beam consisted

of 85% H0 . With a target thickness of 3 x 1015 atoms/cm 2 and a hydro-

gen pulse of 0.2 s, the relative pressure drop across the target jet

measured 400 in the pressure range in front of the jet of 5 x 10- 5 to

10- 3 Torr [115]. The output of H- ions from the vapor jet at a pressure

of about 4 x 1015 atoms/cm 2 was only 5% to 6% of the initial H+ beam.
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Fig. 28--Diagram of the AMIBAL ambipolar trap facility [117]

1--plasma beams
2--high-energy atomic beams
3--low-energy atomic beams
4--plasma collector plate
5--"yin-yang" coils

6--transition coils

According to U.S. researchers familiar with the NPI work, the

AM BAL plasma experiments will not begin until 1983. No serious prob-

lems are foreseen with this facility. However, a long learning pe-

riod on the AkNBAL as well as delays in aqsociated NPI research (es-

pecially negative ion beam experiments) due to the diversion of NPI

researchers to the AMBAL experiment, may be expected [42,51].

iii. Diagnostic Neutral - Bea m Injector~s

The Soviets have developed a number of neutral atom injectors

for the diagnostic measurement of the magnetic confinement of thermo-

nuclear plasmas. Such injectors demand a relatively intense monoener-

getic atomic beam with a small angular dispersion and low regulating

particle energy. The NPI atomic hydrogen beam diagnostic injector used

r, " " .- mk~t"i ,- Ik ( " C- ".. ' : " _ _". . . . . ..
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to determine plasma density and degree of ionization in plasma neutral-

izers, described in Section IV, 2, above, generally meets these require-

ments [88,118]. This injector (Fig. 29), developed in 1976, is a

3 4 6 7 9 ,9 /0

' /Z

0 J /0 cm

Fig. 29--NPI 1976 diagnostic hydrogen atom injector [88]

1--housing
2--insulator flange
3--plasma source mounting elements
4--magnetic shield
5--plasma source
6--extractor assembly insulator
7--expansion electrode
8--plasma grid with Pierce-shaped electrode

9--extraction electrode
10--charge-exchange canal
11, 12--gas valve
13--coaxial current leads
14--coaxial current feedthrough

15--insulated hydrogen gas feedthrough

.-. :. ~ :.7
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compact charge-exchange pulsed atomic hydrogen source with an equivalent

beam current of up to 3 A, a pulse length of 100 ps, and an energy of
up to 14 keV. The small dispersion angle of the injector (on the order
of 1.5 x 10-2 by 6 x 10-2 rad) ensures an H0 current density of up to

95 mA/cm2 at a distance of 1 meter from the injector. The measured

atomic energy scatter in the beam was ±16 eV. Because the range of
the atoms and their ability to penetrate the hot, dense plasma proved

insufficient at a beam energy of 10 keV, NPI researchers developed a

higher energy injector.

The new NPI neutral beam injector (Fig. 30), tested in 1980,
has a plasma penetration of 5 meters at a beam energy of 25 keV [1191.

The maximum atomic hydrogen beam density in this injector reached

250 mA/cm 2 .

Y 7E b' .5 J I

Fig. 30--NPI 1980 hydrogen atom injector [119]

1--housing
2--plasma source
3--solenoid

4--solenoid shield
5--"magnetic wall" coil
6--plasma grid
7--diaphragm
8--control grid
9--extraction grid

10--drift electrode
11--magnetic lens
12--charge-exchange target
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The hydrogen plasma beam is generated in the arc discharge

source (2), enters the vacuum from the source anode aperture, and

interacts with the magnetic field produced by the current through

the transparent toroidal winding (5). The reflection of the plasma

flow from the "magnetic wall" set up in the plane of the plasma grid

(6) forms an ion plasma emitter having a constant proton current

density emission in a 5 cm diameter circle. A 3 cm diameter proton

beam defined by the diaphragm (7) is chosen from part of the emitter with

the help of the four-electrode multislit ion extraction system. The

beam is then passed through a pulsed cylindrical magnetic lens (11) and

focused on the charge-exchange target (12), where a large portion of

the ions are converted into hydrogen atoms. The plasma source is

described in [88,1201. The formation of the ion emitter by the inter-

action of the plasma with the magnetic field localized on the edge of

the expansion space is discussed in [121]. The four-element extrac-

tion system that extracts the proton beam from the plasma is described

in [122].

The increase in the atomic energy spread of the beam as a result

of inelastic collisions in a charge-exchange target of the required

target thickness is only about 30 eV; the instability of the pulsed

extraction voltage, ±100 eV at 25 keV energy, actually determines

the energy spread of the atoms in the beam [88].

The total hydrogen atomic yield of the injector at 25 keV

reached an equivalent current of 3.5 A. The current density distri-

bution of the hydrogen atom beam at 25 keV, measured 1.5 m from the

end flange of the injector, is shown in Fig. 31 for optimum emission

parameter settings. Curves 1 and 2 represent the current densities

parallel and perpendicular to the grid wires of the extractor system,

respectively, as measured without any focusing of the proton beam by

the lens (11). Curves 3 and 4 correspond to the current density

distribution with the best focus of the proton beam by the magnetic

lens. The maximum current density, measured calorimetrically, reached

250 mA/cm 2 [119].

The beam dispersion produced by one electrode of the four-element

extraction system was calculated to be 1.1 x 10-2 rad per proton
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Fig. 31--Hydrogen atomic beam current density
distribution at 25 keV, measured
1.5 m from injector [119]

1, 2--without focusing of proton
beam

3, 4--with optimum focusing of
proton beam

emission from the plasma with an optimum current density and zero

radial ion temperature [1221. The considerably larger dispersion

observed experimentally was explained by the nature of the four-

element extraction system, in which the accelerated beam, on exiting

from one element, has a transverse size about one-half the width

of the plasma emitting strip. The effective radial ion temperature

in the plasma emitter with the magnetic wall operating was determined

to be 3 to 4 eV [121].

The initial positive hydrogen ion beam was composed of 93% H 1,

2.5% H2 , 0.5% H3 , and 4% other ions--C
+
, 0 , OH , H2 0 , and CO --

with masses between 12 and 40. The collimated and focused ion beam,

however, was estimated to contain only about 1% of these impurities.

Atoms of D, He, Ne, and Ar were also generated using the NPI

neutral beam injector. The plasma emitting the required ions was

formed by the arc discharge in the plasma source into which the gas

had been introduced. Hydrogen pulses were fed into the charge-exchange

target. The magnetic-wall plasma emitter worked well only for hydrogen,

deuterium, and helium ion beams. The neon and argon experiments

--,-, -.--. .. .- -: . ..-. . .- .-..-., ... . ., , .- -.-,-,-.. . .. . . . ... . .-. ... . .. - L. . . ., " .. . - .. ". "... . ..... , . -, . .".
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operated under a condition of insufficient emission and about a 20%

inhomogeneity of the plasma emitter. This condition led to an increased

beam dispersion and a limit on the maximum operating energy of the

injector. Table 3 shows the output of the neutral atom injector,

measured 1.5 m from the injector flange, for the positive ion beams

generated. The doubly and triply charged ions and the atoms produced

by them have energies of 2 E and 3 E, respectively. Their production

was found to depend weakly on the source arc discharge current and

gas input. The operational characteristics of deuterium and hydrogen

coincide, except for the total current and current density, which are

a factor of /2F(E)/F(E/2) lower for deuterium, where F(E) is the

conversion coefficient of a proton to an atom [119].

Table 3

NEUTRAL ATOM OUTPUT, 1.5 M FROM INJECTOR FLANGE [119]

Equivalent
Maximum Beam Current

Neutral Energy Current Density Ion Beam Composition
Atom Gas (keV) (A) (mA/cm2) (%)

+ + +
H H2 25 3.5 250 HI , 93; H2, 2.5; H3, 0.5

other, 4

D D2  25 2.9 205

He He 23 2.0 90 He+ , 95.5; He2+, 0.7;
other, 3.8

Ne Ne 20 1.1 15 Ne+, 62.5; Ne2+, 35;
other, 2.5

Ar Ar 22 0.6 12 Ar+, 27; Ar2+, 58;
Ar3+, 14; other, 1

In an ongoing program to determine the optimum conditions for

neutral beam output from injectors, IPI researchers are studying the

basic characteristics of neutral atom flow, energy spread, angular

dispersion, mass composition, absolute intensity, and transient

processes of the neutral beam [123]. In 1980, IPI developed the DINA

neutral beam diagnostic injector for determining ion temperatures of

2.-. ". " "" •: -', ." •" . -. • ".."-." ." ." ." . -" "" "J -r °,-" " -. ." -" -" ,' . -. -. " 2 -" "" " -. ""." ." :" " "..'.
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hot plasmas inside tokamaks by means of the scattering of fast atoms

[124,125,126]. The DINA can form 15 keV atomic beams of H, D, and He

with a total beam current equivalent to 2 A, pulse lengths of 200 us,

and current densities of up to 30 mA/cm2 in the target region of the

T-4 tokamaks.
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VI. CONCLUSIONS

Soviet open-source literature on the production and transport of

negative-ion and neutral beams reveals no evidence of a program to

develop an exoatmospheric particle-beam weapon in the USSR. Nor are

there other clear indications of such a program. The innovative

negative-ion and neutral beam research at the Nuclear Physics Institute

appears to have given way to magnetic confinement fusion experiments.

The Kurchatov Institute's considerable work on neutral beam production

based on negative ion beams, aided by lesser efforts at IFTT and the

Yefremov Institute, are explicitly dedicated to fusion research. The

absence of reported experimental data on negative ion beam stripping at

the Nuclear Physics Research Institute and Radiotechnical Institute,

involving energies high enough to be pertinent to weapon development, may

be interpreted as indicating that this work remains theoretical. The

remainder of reported Soviet charge-exchange research has dealt with basic

physical measurements at low beam currents of charge-exchange cross

sections and beam neutralization coefficients. The published reports on

this work acknowledge no applications other than nuclear fusion research.

The NPI research is important in the context of PBW development.

NPI was the first to develop the two key components required for the

production of intense neutral beams: the intense, high-brightness,

low-emittance negative ion source, and the high-efficiency plasma beam

neutralizer. The surface-plasma negative ion source, first developed in

1971, underwent a series of modifications and finally evolved into the

present multislit design producing 4 A of pulsed H- ion beam current.

The source must be further upgraded to operate satisfactorily with DC or

long pulses at high beam currents, but the gap between the required and

achieved currents is being narrowed. For fusion application, the

surface-plasma source must compete with the double-charge-exchange source

and the direct-extraction magnetic-cusp-type source, both of which

readily produce intense negative ion beams.

-s-. . ~ -.. - . . -.- .- . - . . . . . . . . .-- . . . . -. . .
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The plasma beam neutralizer, the second key component in the

production of intense neutral beams, can convert high intensity negative

ion beams into neutral beams with an efficiency as high as 85%.

Researchers at NPI have demonstrated the formation of an 80 cm long

stable plasma target with a plasma thickness of 2.2 x 1015 atoms/cm2 ,

the optimum for the neutralization of 1 MeV D- ions.

In the area of h1% energies the only Soviet published contribution

to negative ion stripping is the theoretical research at NPRI and RTI.

The work of these two groups shows that the Soviets have considered in

detail and now possess the basic theory of the negative ion stripping

process and the calculated angular and energy distributions of ions

emerging from various charge-exchange targets. The absence of

experimental Soviet data in this area may indicate either that this

work was limited to theory or that the sensitivity of the subject

precluded publications of applied research results.

Indications of a Soviet exoatmospheric PBW program are

circumstantial. For example, both NPI researchers and U.S. visitors

[42,51,127] reported a sudden shift of NPI's work from negative-ion and

neutral beam research to the AMBAL magnetic mirror trap project. The

apparent deemphasis of NPI's impressive neutral beam research raises the

question of why such a large effort was made to develop a plasma ion

source and beam neutralizer--both of which are needed for PBW

development, as well as thermonuclear fusion--only to abandon the project

at a time of successful performance. Although this change at NPI is

untypical of Soviet R&D practice, which rarely discontinues a project,

and might be interpreted as an indication that the project has been

classified, there is no real evidence of NPI involvement in PBW

development.

Nuclear fusion research at the Kurchatov Institute seems to

have higher priority and greater political and financial support than

that at NPI, and exchanges with foreign scientists are more rigidly

controlled at Kurchatov than at NPl. Nevertheless, there is again

nothing to suggest that Kurchatov is involved in PBW research, and

the more stringent controls may indicate only the proximity of

other, classified experiments. The absence of evidence of a Soviet
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?BW program does not mean, however, that such a program is not

5eing pursued covertly. In fact, it would be unreasonable to assume

that the Soviets were not carrying on a classified effort paralleling

the reported nuclear fusion research. Thermonuclear fusion and PBW

systems have similar high beam current and other parameter requirements.

Kany components and basic physical problems in the generation,

acceleration, and transport of intense particle beams are common

to both applications.
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Appendix

BASIC CHARGE-CHANGING PROCESSES IN NEUTRAL BEAM FORMATION

This appendix is presented to show the extent of Soviet research

during the past 15 years on basic charge-changing processes involved in

beam collisions with charge-changing targets for the conversion of pos-

itive or negative ion beams into neutrals. Concepts are defined and

experimental data presented on charge-exchange and electron detachment

cross sections, conversion coefficients, and angular dispersion of

neutral beams formed by electron stripping.

i. CHARGE-EXCHANGE AND ELECTRON DETACHMENT CROSS SECTIONS

The efficiency of charge-changing processes depends on which of

six basic processes is involved. Three are based on electron loss, or

electron detachment, from ions and atoms:

o Loss of one electron by the negative ion as a result of a

collision with a target particle (H- H0); this process

is expressed by the cross section o_10.

o Simultaneous loss of two electrons by the negative ion in a

single collision (H- - + ), expressed by the cross section

0 Ionization of a neutral atom, which can be found in either

the ground or one of the excited states (H0 - H+ ), expressed

by the cross section u0 1 or G0*1.

ThP remaining three processes involve the reverse charge exchange

of electron capture by ions or atoms:

+ 0
o Electron capture by a positive ion (H 110), expressed by

the cross section o 0 .

0 Double electron capture by a positive ion (H - H), expressed

by the cross section al-1.

."I..-
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o Electron capture by a neutral atom (H0  H H-), expressed by

the cross section a 0 _I .

Western and Soviet experimental data on the cross sections of

electron detachment from atoms and negative ions (o10, a0, a-i)

and the electron capture by positive ions and atoms (o10, G0O-, o1-1)

in gas collisions were compiled and published by N. V. Fedorenko in

1970 (1281; other reviews include [129,130] and, more recently [131,

132,133,22,24]. The data are displayed as sets of curves of cross

sections as a function of colliding particle energy for each of the

six processes, for energy ranging f:.-m less than 1 keV to greater

than 1 MeV.

The effect of the six basic charge-changing processes of

hydrogen ions and atoms is shown in terms of cross section as a

function of beam energy in H2 (Fig. 32) [134] and Ar, which exhibits

the typical behavior of a gas having medium mass (Fig. 33) [128]. As

I'

Cross

section, 117

-1.

to fag !000 1111070

Particle energy,
keV/nuc leon

Fig. 32--Energy dependence of electron capture cross
sections (oi0 , ao0_, aiI) and electron loss
cross sections (0o10, o0], H0-1]) of hydrogen
ions and atoms in H2; 0H0 is electron cap-
ture cross section by hydrogen ions in atomic
hydrogen [134]

;,,, .,-
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section, 1
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C- 1-2

L i ______ -

Energy, e

Fig. 33--Cross sections of six charge-changing processes
in Ar as a function of beam energy [128]

can be seen from the figures, the electron detachment processes do

not cross, and at a given energy their cross sections decrease in the

order of aoI, 001, and -i Electron detachment from a negative ion

o...0 in Ar, which exhibits the flattest c urve and maximum value of the

cross section at an energy of about 100 keV, is the most energy indepen-

dent process.

The curves representing the capture of one or two electrons also

do not cross; at a given energy, their cross sections decrease in

the order of 0, o0_i, ol.-.I- The cross sections of these processes

fall off markedly at energies greater than 50 keY. At the higher

energies, the electron capture processes can be neglected because

the cross sections have low values compared with electron loss cross

sections [129]:

aOl I << a0 _1 << a1 0 K 10-3001

Figure 34 shows the cross section for neutral hydrogen produc-

tion by electron detachment from H ions for various target gases, as

a-1.. ...n.... whc exibt t. . .. . .. . .. .fltete eadmxmmvleo h

crs scin ta eegyo bot10 eiste otenryinee-
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a-I 0, cm 2  O_ -o 1 0, cm
2

[ _ _ -

he '
"5 "e

177 " A . -

to f1 5 00 7

Energy, eV

Fig. 34--Cross sections for H
0 production by

electron detachment from H- ions
(a-10) [128]

measured by various researchers (identified in [128]). The data in

Fig. 34 exhibit relatively small changes in cross section for large

changes in energy and relative independence of the target gas. In

the high energy range, however, the cross section for a-10 (similarly

to those for a0l and a-,,) quickly falls off, approximating the law

U-1 0 - E-1 [128].

Soviet cross-section measurements of specific interest to neutral

beam production include those by IFTT of the cross sections o0 and

a0 1 for protons and neutral hydrogen atoms in Li in the energy range

of 40 to 400 keV, shown in Fig. 35 [135]. In the 10 to 40 keV energy

range, the cross-section values were calculated from data in [136].

The values for ao0 as measured by IPI researchers are also included

in Fig. 35 for comparison. The IPI data for ao0 in various alkali

met-l vapors are shown in Fig. 36.

Electron detachment cross sections for H- ions (a-10) and H0 atoms

(col) at high energies (10 to 1000 MeV), calculated at NPRI in 1973

[99,1001 using light target materials (H2 , Li, Be, C, and N2 ) are

shown in Figs. 37 and 38 [97]. The curves in these two figures

continue the u-10 and 001 data for hydrogen beams in H2 shown in

Figs. 32 and 34, above, and in Li in Fig. 35, above. In the figures,

.. . . .. ......... .-..-...--..-........-...... ......v-- , :,;:,i-.'.:.::i.......':':;$ :,
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10- 16 .. ..J ---

Cross section, _ --
cm2/atom

_o 100 1OGO
Energy, keV

Fig. 35--Cross section measurements of al0 and
ao1 in lithium as a function of
energy [135]

data of [1351
calculated from data of [136]

-x--x-x- data of [106]

the cross-section values level off with increasing energy. Charge

exchange and electron stripping of the beams at these high energies

are of interest for high-energy physics and meson factory applications,

as well as for the future development of particle-beam weapons.

In 1965, an NPI team had measured the a- 10 and a-1 1 cross

sections for electron detachment from H- in various gases--including
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10-

010, cm2 1016

0 50 100 150
Energy, keV

Fi2,. 36--Total cross section measurements of
010 in alkali metal vapors as a
function of proton energy [106]

110

Energy, MeV

Fig. 37--Calculated electron loss cross
sections (a-1lo) from H- ions
in H2 and in Li, Be, and C
atoms [97]
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G01 ,cm
2  N \.

X

'.
N. N

i0 Ii' 10'

Energy, MeV

Fig. 38--Calculated electron loss cross sections
(a01) from hydrogen atoms in H2 and in
Li, Be, and C atoms; the cross section
in N atoms (not shown) lies less than
10% that in C atoms [971

H2 , He, N2 , CO2 , C3H8 , CC1 2F2 , and SF4--for an ion beam energy range

of 0.9 to 1.3 MeV [137]. The total neutral beam output and correspond-

ing optimum target thickness were also measured. The cross sections

O-10 and a-1 1 were found to be invecsely proportional to the beam

energy and to exhibit a slightly weaker than linear dependence on

the atomic number of the gas target.

In 1975-1976, NPI researchers investigated electron detachment

from H- and D7 ions and H0 and Do atoms in the 400 to 900 keV energy

range by passing these beams through Li and Mg plasma targets [86,138].

They also measured the relative cross sections involved in the inter-

action of these beams with the plasma targets. The maximum neutral

beam production obtained in these experiments reached 80% to 82%.

The apparatus used to measure conversion coefficients is shown

in Fig. 39. A Van de Graaff accelerator produced a pulsed beam of

H- ions [139]. The H- beam was passed through the magnetic analyzer

(1), focused by a pair of magnetic lenses (2) onto a 0.5 x 8 mm
2

collimating aperture (3) located just before the plasma target (4).

After interacting with the plasma target, the beam was divided by the

magnetic separator (5) into its three components (1i-, 
H0 , and H +).

" " " ' .""- "- ................................."".."..-."."..-. '-"..-.'-".'"."- ."."..-..-.-".-."".-..-"-".- "" " "" - [-
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I7

3 5-

Fig. 39--Diagram of apparatus used to measure
conversion coefficients [86,138]

1--magnetic analyzer
2--lens
3--col limator
4--plasma target
5--magnetic separator
6--movable detectors
7--stripping film
8-- faraday cups

Each beam component was measured by passing it through a 2 vim thick

dacron stripping film, and the resulting proton beams were measured

with the faraday cups (8). The plasma target (4) is a cylindrical

plasma column 0.8 cm in diameter and 3 cm high.

The components of the plasma target are shown in Fig. 40. The

plasma column is formed by two identical conical plasma sources

generating plasma flows along the 700 gauss magnetic field set up

in the gap by the magnets (1). The plasma sources, consisting of

duraluminum anodes (2), Li or Mg cathodes (3), and trigger electrodes

(4), are powered through pulse-forming lines with square-wave, 350 Ps,

1.2 kA current pulses. The average degree of ionization, measured

diametrically across the plasma channel along the negative ion beam

axis, was 90% to 95%, as determined by the attenuation of 10 keV H+

and H- ion beams. The electron temperature of the plasma, as mea-

sured with plasma probes, was determined to be 5 eV [86,138].

The relative ionization cross sections of 140 and DO atoms (o 0 1 )

and the double-electron-detachment cross sections of H- and D- (o-,)
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f.\

I; H/H
1N

Fig. 40--Diagram of plasma target

[86,138]

l--magnetic pole

2--anode

3--cathode

4--t rigger electrode

5--insulato rs

in Li and Mg plasma targets were measured with the apparatus shown

in Fig. 41. After being focused, the H- ion beam was passed first

through a C0 2 target (1) to produce a mixed beam of HO , H-, and H

and thn through a 0.5 x 8 mmn2 collimating slit (2) and magnet (3)

with a zigzag field. The magnet separated the three components of

the beam, allowing the H+ ion component to be removed and the other

two components to be returned unperturbed to the beam axis and then

passed through the plasma target (5), where they were measured and

/2 . . . .*, .A.. . - • -

, ., - , ,- .-.,:. ',,.., ,2. -.:".'.,.. ', -". "..'. ".:.-v '.-'.-'.- , "-.'..v ', .- '- ..'.,". ".- .- .-". ". ". "..".-".- -•-."."..".." .
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3

fOt

Fig. 41--Schematic of apparatus used to measure
uOt and o-1 cross sections (1381

1--charge-exchange. gas-target
cylinder

2--collimating slit
3--analyzing magnet
4--movable beam stop
5--plasma target

analyzed in the same manner as in the experiments for determining

conversion coefficients nO , described above.

The electron detachment cross sections for H- ions (u-10) and H0

atoms (oni) in a hydrogen plasma (H+ + e-) are shown in Fig. 42; the

-10 is considerably higher in plasma than in gases.

Cross
section, ,

21cm part

f 10 t

Energy, keV/nucleon

Fig. 42--Electron detachment cross sections
for H- ions (o10) and H0 atoms
(a0l) in H+ and e- plasma (on
ions ai and cold electrons
,e) [134]

. . . ..N.
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2. NEUTRAL BEAM CONVERSION COEFFICIENTS

The maximum neutral yield from negative ions can be expressed

as [138]:

001

01-I0 /°  01 \ o-10-o0i+-11

max -10 + o-11 -\0.I0 + 0-

and is obtained at the following optimum target thickness:

19 Z I0 + 0-11
6 n, = lfn

opt opt G_10 + G_11 - o01 001

The double-electron-detachment cross section is much lower than

the single-electron-detachment cross section: a-11 << -o10 [140].

For most gas targets, o.-1 <_ 4 x 10-2 u-10 and thus can be neglected

in the above expressions, reducing n
o  to:' max

001

0 _(o 0 1 -0-01

max j-10)

where tf e conversion coefficient is basically determined by the ratio

Gi0/o01.

The relative beam outputs of H
0 , H+, and H-, as calculated in

[1381, are shown in Table 4 for various values of 0-i0/ao1 using

optimaum target thickness and neglecting (Jii. For most 
gases used,

the ¢-10/501 ratio lies between 2.5 and 3.5 for H- energies in the

hundred keV range; no therefore reaches 52% to 55% [52,1371. When

alkali metal vapors replace the gases, no can reach 65% [731.

Researchers at NPI take credit for being the first--in 1969--to

suggest the use of plasma targets for neutralizing negative ion beams

[1411. For plasma targets, o-11 < .06 o-j0 and the .o10/ao1 ratio

was 22% in the 0.5 to 1 HeV energy range, providing an atomic yield

.-. .- .,-...-.. . .....-..- -.- ..-.-..-. ,....-.-..,,.-...... ....- ,.- .', . .
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Table 4

CALCULATED RELATIVE BEAM OUTPUTS
OF H0 , H-, AND H+ FOR VARIOUS

VALUES OF a_10/o01 [138]

-I 0 +OCY01 ,% T1- ,% T+,

1 36.8 36.8 24.6

2 50 25 25

3 57.7 19.3 23
4 63 15.7 21.3

5 66.9 13.4 19.7
10 77.4 7.8 14.8
15 82.4 5.5 12.1
20 85.4 4.3 10.3
22.5 86.5 3.9 9.6
25 87.5 3.5 9

of r 0 = 86.4%, neglecting the G-11 process. In the same energy range,

NPI researchers in 1975-1976 used the apparatus described above to

measure neutral beam production from the stripping of H- and D- ions

in Li and Mg plasma targets; maximum neutral beam production reached

80% to 82% [86,1381. The conversion coefficients of 1- to H0 as a

function of energy for gas and plasma targets, shown in Fig. 43, indicate

the nondependence of neutral beam output on energy in this energy

range. The efficiency of H0 beam production may be further increased

by using photon targets, which convert 100% of the H- to H0 [30,142,143].

The efficiency of transforming protons, molecular ions, and H-

ions into fast neutral atoms using optimized gas and plasma targets

is summarized in Fig. 44. The inefficiency of H0 production from

positive ions at energies greater than 100 keV, as seen in the

figure, stems from the drop-off of the cross sections.

The presence of excited atoms in charge-exchange canals decreases

the total neutral beam output. However, excited atoms have to be

taken into account only at small target dimensions. The effects of

excited atoms, as well as electron capture, can be neglected in the

actual conversion of negative ions into atoms, because the axial

dimensions of the target provide sufficient interaction distance to

-" -._-. .- '.-.- -' -'.-,. '. ,,-?,- " ", i ' "" - ". °- '- . - -".: ,,' ,m. ' .,, ,. , , , e; a; ,, m '." e~ae ;,{ 4
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--- ----- H-, nmax = 0.65

H3 , max 500 E -0.37

101 H2 n = 255 E -O-4Ei

10 12 1O0 E ikeV

Fig. 46--Conversion coefficient as a function
of ion energy for an Li vapor target

[73]

an ion beam energy of 307 keV; the consumption of Li and Mg is shown

along the abscissas as q, mg/s.

For the case of an H- beam, the n of 60% for Mg and 58% for
max +Zn practically does not change with energy. For H2 , the was

42% for Mg (100 keV), 40% for Zn (200 keV), and 18% for Hg (400 keV)

[73]. The experiments on Hg in [73] were performed on a target

similar to that used by Ya. M. Fogel' in 1955 [144]. The neutral

output using H, and Li and Mg with a target thickness of 3 to 5 x 1015

atoms/cm2 was insignificant, amounting to only several percent at

100 keV. The maximum yield for H1 at this energy, 14%, was obtained

with Zn at 6 = 1016 atoms/cm2 .opt
+

Neutral output obtained by H2 dissociation in the I to 4.6 MeV
range was investigated by Schmidt in 1964 [145]. The maximum conver-

sion coefficient na showed a weak energy dependence, with a value

of about 12% for Ar and 17% for H2 . The nmax for the H- beam in the
range of I to 1.5 MeV in H2 , N2 , C2H2 , C3H3 , C02, CF6 , and CCI2 F2 gas

targets, measured by the Fogel' group in 1955, showed weak dependence on

both energy and type of target gas. The values ranged from 50% to

55% (146]. Neutral formation by passing an H- beam through hydrogen

and other gases at higher energy--4 to 18 MeV--was measured by R.

Smythe et al. in 1965 [52]. At an H- energy of 9.8 IWV, the n - 58%
for hydrogen gas.

.,. , . .. . . .. . . . . . , - , . . , . . . . . . . , ,%. . .. .
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Fig. 47--Conversion coefficients for H- and H3 ions
through Li, and HI through Li and Mg,
as a function of target thickness,
with Ei W 307 W [73]

In 1974-1975, [FTT researchers measured the conversion of negative
ions of C-, 0-, F-, and C- into neutral beams in gases (H2, He, C02,

and air) and in metallic vapors (Li, Na, and Mg) m147]. The charge-

exchange coefficient, measured as a function of energy in the range of

110 to 380 keV, typically varied from 40% to 60% in gases, 60% to 70%

in metal vapors, and 35% to 45% in C02 at 200 keV. These measurements

are shown in Figs. 48 and 49.
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Fig. 48--Conversion coefficient 0 x as a
function of negative ion eam
energy in gas targets [147]

+--H I--6+ + H2 , 00
o--Ar II--O+ + He , 00
A--He
0--CO
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Fig. 49--Conversion coefficient nrx as a
function of negative ionbeam
energy in metallic vapor
targets (147]

*--Li
o--Na
A--Mg
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For comparison, data on nmax for the process 0+ - 00 in H2 and

He gas targets, as given by T. Jorgensen et al. in [148], is shown

by the dashed lines of the 0- ion plot in Fig. 48. As can be seen

from the figure, the process 0+ - 00 has a considerably lower conver-

sion coefficient than the 0- - 00 process in the same gases. Even

at these relatively low energies at which positive ions can produce

neutrals by charge exchange, negative ions still provide considerably

higher neutral yields [147].

The experimental apparatus used to measure conversion coefficients

(Fig. 50) consisted of an RF source (1) [149], 400 keV acceleration

tube (3), magnetic lens (4), magnetic analyzer (5), and charge-exchange

target (6). The metal vapor target operated with ultrasonic Li, Na,

and Mg vapors injected into the vacuum from a Laval nozzle, as described

in [136]; the H2 , He, C02 , and Ar gas targets consisted of a tube

180 mm long with entrance and exit channels that served the same

function as the collimating apertures of the metal vapor target.

3. NEUTRAL BEAM ANGULAR DISPERSION

In 1966-1967, IFTT investigated the angular dispersion 0/2 of a

100 keV neutral beam formed by charge exchange of H1 , H2, H3, and H-

beams in Li and Cd vapor jets [731. The dispersion of 100 keV H-

and H, in Li (at 6 = 1015 atoms/cm2) was very small (less than 10-
3

rad). The neutral beam formed by the dissociation of H2 (200 keV)

and H3 (300 keV) in an Li jet had an angular dispersion of about

10-2 rad. The order of magnitude increase in the dispersion of the

neutrals formed by dissociation of the hydrogen ions over that of

the neutrals formed by charge exchange is explained by the difference

in the dispersion mechanisms. In the case of the dissociation of the

H2 and H3 ions, the molecular binding energy is released, causing an

energy spread of the formed particles, as well as an angular disper-

sion of the particle trajectories. The dispersion in the charge-

exchange case is minimal because it is governed by single or multiple

dispersion associated only with the loss or capture of the loosely

bound electrons.
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9

I,

pumps

Fig. 50--Schematic of experimental apparatus for
measuring conversion coefficients [147]

1--ion source
2--gas leak
3--acceleration tube
4--magnetic lens

5--magnetic analyzer
6--charge-exchange target chamber

7--electrostatic analyzer
8--detector

9--gas monitoring tank
10--collimating channels
1 l--thermometers
12--gas tanks

Current density distribution is shown as a function of beam

radius in Fig. 51 for 100 keV neutral beams formed by charge exchange

and by dissociation of hydrogen ions in Li and Cd targets, with target

thickness 6 - 1015 atoms/cm 2 . The figure shows a well-collimated

neutral beam formed from H- or H, ions and the added dispersion

~~~~~~~~~~~~~~~ P e. . .J . . . .. . . . S . f .~
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Li S = 1-1015 atoms/cm 2  Cd
J

.JAS = 1

- 100 kV 4, H
8---200 kV H+

4 -x-x- 300 kV H3  ---

: r,rmm ....4 r 0 2 4 8 6 4 2 4 6 8

Fig. 51--Current density distribution of a 100 keV
neutral beam formed by charge exchange
and dissociation of hydrogen ions in
Li and Cd gas targets as a function
of beam radius [73]

obtained by using molecular ions. The ordinate, representing neutral

beam current density, is normalized as .JAS = 1 [73].

IFTT researchers concluded that the production of neutrals by

electron stripping of negative ions offers considerably more advantages

than production by the dissociation of H2 and H3 ions. When negative

ions are used, the neutrals are produced with energies equal to the

energy of the primary negative ion, and the value of the conversion

coefficient nm is high and almost independent of H- ion energy;

when positive ions are used, n decreases as H+ and H+ ion energymax 2x

increases.

In 1974, IFTT made additional measurements on angular dispersion

of neutral hydrogen formed by electron stripping of H- ions ilsn),

this time in H2, He, and Li targets, with target thicknesses of

5 x 1014 to I x 1016 atoms/cm 2 at H- beam energies of 50 to 150 keV.

The dispersion angle of neutrals was found to be independent of target

thickness in the normal thickness range. The angle was basically

determined by the nonelastic electron stripping process and varied

with increasing energy as E- . The data for H- H0 in an H2

::.. ..... re-.*......
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target in Fig. 52 show the dispersion angle as a function of energy.

Neutrals formed by the charge exchange of protons demonstrated analogous

dependence but larger dispersion angles.

The dispersion angle and charge-exchange coefficient are shown in

Fig. 53 as functions of target thickness and energy for H 2 and He.

The values for the proton-to-neutral hydrogen conversion, shown by

the dashed line, indicate inferior operation. As demonstrated in

.0- 4 rad

2

50 75 100 150
Energy, keV

Fig. 52--Dispersion angle of neutrals
as a function of H- beam
energy in an H2 target [150]

keV2 He

e keV

s.n:2h e
0 10 - - .

S0-

- 3.

rad0- .10-4 rad z __2 0 .. ..... ..- 2 10- -ra0-  z. so, . .-

10 So It 0

Is 68,0"T 2 4 Salo4 84 Z6 4 f

6, mol/cm2  6, atoms/cm2

Fig. 53--Dispersion angle and charge-exchange
coefficient as functions of target
thickness [1501
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Fig. 53, the dispersion angle of the neutrals obtained by stripping

a 100 keV H- beam is a factor of 2 smaller than that of the neutrals

obtained by the charge exchange of a 100 keY H+ beam. Western

research data [151] showed a slightly smaller dispersion angle of

the neutrals formed by charge exchange of H+ ions.

The maximum dispersion angle of neutral beams formed by the

charge exchange of the proton and the stripping of the H- ion were

compared, using classical considerations [150]. The momentum P of

the fast ion and its change in momentum AP in the formation of a

neutral can be expressed as:

P = 2/1 ; AP = r

where E = ion energy

M = ion mass

= binding energy of the electron loss or capture.

In the case of charge exchange, the binding energy is:

Eb = V i = 13.59 eV

where Vi = hydrogen atom ionization potential. In the case of electron

detachment of the H- ion:

Eb = S = 0.75 eV

where S = hydrogen atom electron affinity. The maximum dispersion

angle is then expressed as:

S AP E
max - b

From here it can be seen that, because S < Vi, the dispersion angle

of neutrals formed by the stripping of H- ions must be smaller than

that of neutrals formed by protons. The expression for m providesmax

a correct scaling behavior with E b and E but does not give a good

quantitative estimate of 6.

- M i• mmm . .
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These experiments led to the conclusion that the dispersion angle

of the neutrals at small target thicknesses is basically determined

by the inelastic collisions involved in the loss or capture of the

electron. The less thick (flat ledge) region of the charge-exchange

target corresponds to the region of single collision of beam particles

with target atoms. Further IFTT measurements of the dispersion angle

of a 100 keV neutral beam in an Ar gas target demonstrated a weak

dependence of the dispersion angle on the atomic number Z of the

target. With a change in Z of from 1 (H) to 18 (Ar), the dispersion

half angle at 100 keV changed only from 1.5 x 10 - 4 to 1.8 x 10 - 4 rad

[1501.
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